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Personalised medicine and diagnostics is a rapidly growing ﬁeld of research
and general interest. Important tools for individual patient care are so called
point-of-care devices. ese typically simple and inexpensive instruments al-
low the untrained user to perform simple diagnostic analyses without the need
for a specialised laboratory. Other ﬁelds of application are for example health
care projects in developing countries where access to modern high-throughput
facilities is oen impossible or sectors not related to the medical ﬁeld, like en-
vironmental monitoring or food safety.
e aim of this PhD project was to develop a modular platform based on
electrochemical impedimetric sensing. is device can easily be modiﬁed by
changing the biological receptors and therefore oﬀers a broad range of possible
applications. To keep the costs and the environmental footprint low the en-
tire biosensor was designed in plastic; featuring a microﬂuidic channel and an
electrode system fabricated from conductive polymers. Aptamers were used
as recognition elements providing a more stable alternative to antibodies for
easier handling and a longer shelf life. Moreover, aptamers have a much wider
range of possible target molecules than antibodies.
e biosensor platform was successfully adapted to diﬀerent tasks and tested
against three very diﬀerent analytes: , antibiotics and virus particles.
roughout the experiments the sensors showed high sensitivity and were able




Begrebet skræddersyet medicin og diagnostik er forbundet med stor interesse
og det er et forskningsområde i kraig vækst. Netop udviklingen af diagnostiske
tests er et centralt element for at kunne tilpasse individuelle behandlingsforløb.
Denne type diagnostiske redskaber er typisk simple og billige og kan anvendes
af den utrænede bruger til at udføre simple diagnostiske analyser uden behov
for et specialiseret laboratorium. Andre anvendelsesområder er for eksempel i
sundhedsprojekter i udviklingslande hvor moderne højteknologiske faciliteter
ikke er tilgængelige, eller i sektorer der ikke er relaterede til medicin såsom
miljøovervågning og fødevaresikkerhed.
Formålet med dee ph.d. projekt var at udvikle en modulær platform base-
ret på elektrokemisk impedimetrisk registrering. Dee instrument kan let mo-
diﬁceres ved at ændre de biologiske receptorer og har derfor en bred vie af
mulige applikationer. Biosensoren er designet udelukkende i plastik med tanke
på miljøet og for at holde prisen lav – den består af en mikroﬂuid kanal og et
elektrodesystem i ledende polymerer. Aptamerer blev brugt som genkendelses-
elementer. De er et stabilt alternativ til antistoﬀer, er langt leere at arbejde
med og har en længere levetid. Desuden har aptamerer en langt bredere skare
af mulige målmolekyler end antistoﬀer.
Denne biosensor platform var med succes tilpasset forskellige opgaver og
er testet med tre vidt forskellige analyer: , antibiotika og virus. Sensoren
udviste høj sensitivitet ved alle eksperimenter, og kunne detektere meget lave
koncentrationer af analyen – både i buﬀeropløsninger, mælk og spytprøver.
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“How great would it be if you could go down to the pharmacy, pick
up a cheap and easy-to-use device to check your blood for early stages
of cancer, and then toss it in the recycling bin when you’re done? It
would allow people to be aware of their health issues way before they
reach a dangerous level . . . in the end, more lives would be saved.”
Not only the steady presence of cancer, but also epidemics or food scandals
from the recent past show that there is a growing demand for rapid and inex-
pensive diagnostic or analytical devices. Today’s diagnostic analyses are most
oen carried out with the help of table-top high throughput machinery oper-
ated by a specialised technician and located in centralised laboratories. is
means that all collected samples have to be shipped there; prolonging the pro-
cessing time enormously. Many of the techniques are also very expensive in
both operation as well as materials cost and therefore less samples can be anal-
ysed within a budget.
In the future analyses will be done de-centralised and right aer the sample
was collected. is requires so called point-of-care () devices capable of
rapid detection of certain pathogens or analytes. Biosensors, analytical devices
based on biological recognition elements, allow the development of  tools by
integrating them into closed microﬂuidic environments. A ﬁnal product should
be designed in a way that allows the operation by untrained personnel and give
a non-ambiguous readout. Only then, and if they can be produced at reasonable
Luigi Sasso, “Fish eye insight to illness”, T P, press.co.nz  Feb. 
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1. General introduction
costs,  sensors can compete with today’s established systems and help in the
ﬁght against cancer, spreading pandemics or foodborne illnesses.
In this thesis the development of an electrochemical biosensor platform based
on a conductive polymer and aptamers as recognition elements is described.
e technology was tested for several diﬀerent applications and protected by
an international patent.
Structure of the thesis
Chapter 2 will give a theoretical introduction into the main topics of the the-
sis: diﬀerent types of biosensors and electrochemical impedance spec-
troscopy.
Chapter 3 will then describe the aempted synthesis of onemonomer for later
use in the conductive polymer electrodes.
Chapter 4 explains how the polymer microelectrodes were fabricated and de-
scribes the characterisation of the conductive polymer layer with diﬀer-
ent methods.
Chapter 5 provides an overview over the selection of aptamers and our dif-
ferent approaches to that maer.
Chapter 6 will provide a brief discussion about diﬀerent immobilisationmeth-
ods. Two of these will be described in more detail and experimental re-
sults as well as a chemical characterisation are shown.
Chapter 7 shows the use of this novel technology in three diﬀerent biosen-
sor applications. Experimental results from the measurements of 
hybridisation as well as the determination of very low concentrations of
antibiotics and inﬂuenza  viruses will be provided in this chapter.
2
2. Theoretical background
is chapter will provide a general insight into the main topics of this thesis:
biosensors and electrochemical impedance spectroscopy. More background in-
formation speciﬁc to the following chapters will be provided in their respective
introductory sections.
2.1. Biosensors
Over millions of years of constant evolution nature has developed molecules
with greatly specialised properties. One of these properties is the capability to
establish strong and highly speciﬁc non-covalent bonds with other molecules
to trigger a biochemical action or mechanism. Examples for such molecules are
enzymes, antibodies or riboswitches.
In the ﬁeld of biosensors, researchers try to employ these biomolecules for
analytical purposes in a range of novel devices. A common deﬁnition for a
biosensor is:
A biosensor is a chemical sensing device in which a biologically
derived recognition entity is coupled to a transducer, to allow the
quantitative development of some complex biochemical parameter
[Mohanty ].
Mostly enzymes or antibodies are used for such devices, but recently aptamers,
i. e. short oligonucleotide sequences with speciﬁc binding capability, have
gained increasing aention. Popular transducers are semiconductors, metals









Figure 2.1.: Schematic representation of a biosensor. In example A on the le side the analyte
binds to the specific bioreceptors and the resulting interaction with the transducer
lead to a readable signal. In example B (right) no binding event takes place; no
signal is registred.
In the last few decades a plethora of diﬀerent combinations of
bioprobes and transducing elements or technologies have been de-
veloped [Chemla, Clark, Haes, Muhammad-Tahir,
Ramanathan, Rasmussen, Rodriguez, Soening,
Svendsen, Xiao, Xiaoconfo, Zhylyak, 7, 9]:
Optical detection is oen used for biosensors employing ﬂuorescent mark-
ers or coloured additives. Relatedmethods are surface plasmon resonance
() and surface enhanced Raman spectroscopy (). Applications for
these techniques range from simple laminar ﬂow assays as found in preg-
nancy tests to high-tech solutions like -microarrays.
Resonant biosensors rely on themeasurement of changing oscillationmodes
of a substrate caused by a changing surface coverage. Two examples
for this technique are quartz crystal microbalances () or cantilevers
coated with biomolecules.
Ion sensitive field eﬀect transistors () are usually semiconductor
nanowires with immobilised bioprobes. Binding of a target molecule
changes the electrical charges near the surface of the wire and thereby
causes a shi in its conductivity.
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2.2. Electrochemical biosensors
Thermometric biosensors measure temperature diﬀerences in a liquid
medium caused by enzyme catalysed endo- or exothermic reactions with
high accuracy.
Magnetic biosensors use magnetic microbeads equipped with biomolecules
for detection of analytes in a solution.
Cell based biosensors use, as the name suggests, live cells as recognition en-
tities. Such sensors can, for instance, be used to study the inﬂuence of
drugs on a cell culture or to quantify pathogens in an unknown sample.
Electrochemical biosensors are a very large group of biosensors which
transform a chemical reaction or process into an electric signal. e
biosensors described in this thesis belong into this class and so a more
detailed description of the category is given in the following.
2.2. Electrochemical biosensors
Compared to the other classes of biosensors mentioned shortly above, electro-
chemical sensors have probably received the most aention recently; especially
amperometric systems have become quite popular [Mohanty ]. Aside from
amperometric devices there exist also conductometric, potentiometric and im-
pedimetric sensor systems.
Amperometric sensors measure a current as a product of electrochemical re-
actions on the surface of the electrode. e biomolecule (usually an enzyme)
itself is not necessarily the electroactive species, but in presence of the analyte
it will produce or consume electroactive molecules which, in turn, can be de-
tected. e best example, perhaps, for this type of biosensor is the amperomet-
ric glucose sensor, which was the ﬁrst documented biosensor and, at the same
time, the commercially most important biosensor on the market [Mohanty
]. In the glucose sensor the enzyme glucose oxidase () is immobilised onto
a platinum electrode. e enzyme catalyses the reaction of glucose to gluconic
acid consuming oxygen in the process. e oxygen concentration can be mea-
5
2. Theoretical background
sured with the platinum electrode, allowing the determination of the glucose
concentration in the sample [Clark ].
In a conductometric biosensor the resistance of a solution is measured, al-
lowing inferences about the ion concentration therein. One example for such a
device was presented by Zhylyak and it had the capability of measuring
heavy-metal ion concentrations in water. e measuring principle was rather
simple: aer placing a membrane made of cross-linked bovine serum albumin
and the enzyme urease onto an array of interdigitated gold electrodes the con-
ductivity across the membrane was measured. e conductivity is proportional
to the ion concentration which depends on the activity of the enzyme. Diﬀer-
ent heavy-metal ions inhibit the function of the enzyme and cause a reduction
of the conductivity. e sensitivity of such sensors is not very high and due to
the wide range of diﬀerent ions all inhibiting the enzyme, the device is also not
very speciﬁc [Zhylyak ].
e parameter measured with potentiometric biosensors is the oxidation or
reduction potential of a molecule on the surface of an electrode. is molecule
can be the analyte; this is usually the case when, for example, the dopamine pro-
duction of neurons ﬁxed to an electrode is measured. Another possibility is to
equip a bioprobe with a redox marker, which is released or brought close to the
electrode in the presence of the analyte. is principle was employed, for exam-
ple, to construct a biosensor to measure the concentration of the protein throm-
bin in a liquid sample. An aptamer (the bioprobe, which will be described in
chapter , page  et seq.) speciﬁc to thrombin was immobilised together with a
partly complementary  strand tagged with methylene blue () onto a gold
electrode. As is illustrated in ﬁgure ., complex formation between thrombin
and the aptamer caused both  strands to separate. As a result of the confor-
mation change the  tag was brought closer to the electrode surface allowing
the transfer of electrons [Xiao, Xiaoconfo ]. Typical characterisation
methods for potentiometric sensors are alternating-current voltammetry and
cyclic voltammetry.
Impedance spectroscopy is a powerful method to analyse the complex elec-
trical resistance of a system and it is sensitive to changes on the electrode
6
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Figure 2.2.: Schematic representation of an electrochemical aptasensor using methylene blue
() as electroactive marker. Adapted from Xiaoconfo
surface and changes of the bulk properties. Electrochemical detection using
electrochemical impedance spectroscopy () is advantageous because of its
label-free and reagentless character and high sensitivity, as recently reviewed
by Paenke us, impedance detection is particularly suited to follow bind-
ing events in the ﬁeld of biosensors. Examples for the application of this
method range from antibody-functionalised microbeads, whose sizes change
when binding to analytes [Svendsen ] over monitoring of cells situated
on interdigitated electrodes [7] to sandwich assays on conducting surfaces
[Rodriguez ]. As this is the technology used for the biosensors developed
during this PhD project, a more detailed explanation of the measuring principle
is provided in section ..
Most of the published work about electrochemical biosensors involves elec-
trodes fabricated from noble metals like gold or platinum [5]. While providing
excellent properties such as high conductivity and good environmental stabil-
ity, the purchase price of these materials is extremely high and still rising; ad-
ditionally they require expensive clean room fabrication in many cases and are
diﬃcult to recycle.
Conductive polymers, on the other hand, oﬀer very suitable properties to
master the specialised task of transducing a binding event between an analyte
and a biological probe. ey have been used as an alternative to traditional
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electrode materials because of the additional advantageous properties of inex-
pensive electrode fabrication and easy electrode functionalisation [6, 7].
Because of their excellent compatibility with biological samples polypyrrole
(y) and poly (,-ethylenedioxythiophene) () have repeatedly been used
for sensors in biological environments [7–13]. Even though pyrrole is the less
expensive monomer compared to ,-ethylenedioxythiophene (), and y
shows equally good air-stability,  was used exclusively in this study be-
cause of its superior stability in phosphate buﬀers and its higher conductivity
[15–17].
Biosensors cannot only be classiﬁed by their transducer type or detection
method, but also by the type of bioprobe. e main goal of this thesis was to
develop a biosensor using aptamers (a so called aptasensor) as diagnostic plat-
form for a broad range of applications. is type of biosensorwill be illuminated
in the following section.
2.3. Aptasensors
By far the most commonly used recognition elements in biosensors are proteins
such as antibodies or enzymes. e reason for choosing these proteins over
other molecules can easily be found in their highly developed speciﬁcity to-
wards their designated target molecules. However, proteins do have their lim-
itations: most of these molecules are highly sensitive regarding their chemical
environment, so that an improper pH, for instance, can render them function-
less. Proteins can also easily be irreversibly denatured by elevated temperatures
or be degenerated by proteases [Binz, Hoogenboom ]. Moreover, the
production of antibodies is generally diﬃcult and expensive.
As an alternative to antibodies, aptamers have recently aracted increas-
ing aention due to their capability to bind a wide range of targets: nucleic
acids, proteins, metal ions and other molecules with high aﬃnity and sensitiv-
ity [SongSensors, Hong ].
Aptamers are peptides or oligonucleotides ( or single stranded )
that bind to a speciﬁc target molecule. e aptamers typically fold into a
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three-dimensional structure, whose conformation is changing upon ligand
binding. Aptamer-like structures can also be found in nature: riboswitches
in bacteria and eukaryotes control translation depending on ligand binding
[Winkler:gd ]. A more thorough description of aptamers and how they
are selected follows in chapter , page .
Together with the growing interest in aptamers, biosensors using those mol-
ecules as recognition elements – so called aptasensors – are gaining more and
more popularity. One example for an aptasensor for potentiometric detection of
thrombin was already mentioned in section . on page . Another application
was shown by Xie, Luo, and Yu [9] where conductive polymer nanowires were
functionalised with thrombin-binding aptamers. Binding of the target molecule
resulted in a change of the negative charge density above the nanowire, altering
its conductivity. is behaviour equals the change of source-drain current in a
common ﬁeld eﬀect transistor () when changing the gate potential.
Impedimetric aptasensors are not a novelty either [Lingerfelt,
Paenke, Kloesgen ], but so far there were no reports of such sensors
fabricated entirely from polymers, i. e. without any metals or other inorganic
conducting materials, and also without the addition of any redox marker
such as methylene blue or ferro-/ferricyanide. e beneﬁts of such a device are
clear: the use of inexpensive polymers instead of noble metals makes it suitable
for the use in disposable chips for rapid diagnostic tests. e avoidance of
redox markers both in the solution as well as coupled to the bioprobes makes
sample handling easier and less prone to human error, and saves costs on the
production of the probes, respectively.
2.4. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy () is a very sophisticated method
of label free analysis of interface bound chemical processes.
e impedance Z is a complex electrical property consisting of a real part,








(a) The current I through a resistor is di-








(b) A capacitor causes a 90 phase shi
() of current I and potential V .
Figure 2.3.: Diﬀerent current response to an alternating potential applied to a resistor (a) and
a capacitor (b).
Applying a sinusoidal alternating current signal to a simple electrical sys-
tem consisting of one resistor () and one capacitor () connected in a parallel
network will give such a complex current response. e current I through the
resistor will follow the potential V proportionally, while the capacitor-current
will undergo a  phase shi  in respect to the voltage (see ﬁgure .). In






I0 · sin(2ft+ ) (.)
For  the impedance is measured for a range of diﬀerent frequencies f . e
impedance of a system can then be illustrated by ploing the absolute value
jZj and the phase shi  as a function of log f (Bode plot) or as Nyquist plot,
where the imaginary component Z is ploed against the real component Z
[Paenke ]. Examples of typical Bode and Nyquist plots for a simple  circuit
are shown in ﬁgure ..
Such plots can then be used to build a model of the investigated system as an
equivalent circuit using building blocks such as resistors, capacitors, inductors,
constant phase elements or Warburg resistances. is model system should
reﬂect – in a sensible way – the observed behaviour of the real system. Some
of these circuit elements are constant (resistance is a material property), some
are frequency dependent (capacitors let high frequencies pass, while inductors
10
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Figure 2.4.: Examples of Bode and Nyquist plots for a parallel  circuit. The diameter of
the semicircle in the Nyquist plot corresponds to the resistance of the system; the
position of the inflexion point in the Bode diagram is depend on the capacitance.
block them) and some have a more complex behaviour, which can depend on
other parameters such as surface area of the electrode ormobility of certain ions
in the electrolyte or electrode (in the case of a porous electrode). All of these
circuit elements have an inﬂuence on the shape of the impedance spectrum and
by adjusting their intrinsic parameters a spectrum can be simulated, which then
helps to understand the processes in the real system. e theory behind these
processes is very complex and would exceed the limits of this introduction. For
a more thorough insight into this topic the book Orazem by Orazem
can be recommended.
Since  is most qualiﬁed for investigations of interfaces, the largest number
of applications utilise this method for corrosion studies of multi-layer materi-
als such as painted metals. However, also in the newer and very diﬀerent ﬁeld
of biosensors, some interesting applications for impedance spectroscopy were
found. Inmost cases a bioprobe was immobilised onto an electrode and exposed
to a sample solution containing the analyte (oen small organic molecules)
and the redox-active ion pair ferro-/ferricyanide ([Fe(CN)6]3 /4 ). Depend-
ing on the analyte concentration, a diﬀerent amount of the redox-active ions
approached the electrode surface due to electrostatic interactions [Ruan,
Rodriguez ]. Other sensors monitored the status of live cells by investi-
gating their membranes using impedance spectroscopy [Kloesgen, 7].
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During this PhD project sensors with bioprobes tethered to the electrodes
were developed, but contrary to other works, polymer electrodes were used ex-
clusively and no redox-active ions were added. Highly charged single stranded
 probes were employed instead whose binding-related conformational
changes caused a diﬀerence in themeasured impedance. In this thesis the devel-
opment of an all-polymer impedimetric sensor is detailed from the fabrication
of the microelectrodes to the use in three related but diﬀerent applications: the
same device was used to measure hybridisation of  oligomers and for the
detection of minute concentrations of two diﬀerent antibiotics using speciﬁc
aptamers as probes. e usability of the sensor was also tested with a spiked
milk sample, showing that the device was capable of detecting concentrations
far lower than the oﬃcial maximum residue limits in the European Union. To
test the performance as a diagnostic tool, the device was also used to detect low




One of the most fundamental aims of this work was the development of a dis-
posable electrochemical biosensor system. To keep costs and environmental
impact low, traditional electrode materials, i. e. usually noble metals such as
gold or platinum, were not an option. It was, therefore, decided to use the con-
ductive polymer poly(,-ethylenedioxythiophene) () instead.is mate-
rial possesses reasonable properties for the intended application and it was al-
ready studied extensively at the department.
Electric conductivity in polymers can be established by diﬀerent mechanisms
describing charge transport via electrons or associated ions. Real intrinsic con-
ductivity can be observed in polymers containing a backbone with a conjugated
system of π-bonds.
In contrast to polymers which owe their conductivity to the presence of
loosely bound ions (oen protons) or electrons “hopping” from one redox site to
another, intrinsically conducting polymers () conduct electricity over their
own backbone, or more accurately a conjugated system of π-bonds. ese π-
bonds are found in chemical double or triple bonds, e. g. between carbon atoms
and are a form of orbital interaction. In an alkene the 2s orbital and two 2p
orbitals hybridise to form a planar sp2 orbital with bonding angles of °. e
remaining pz orbital stands perpendicular to the sp2 hybrid as illustrated in
ﬁgure .. e overlapping sp2 orbitals form so-called σ-bonds, while neigh-
bouring pz orbitals establish π-bonds. In a conjugated system of alternating
single and double bonds the electrons in the pz orbitals have a high mobility
and form a delocalised π-system. In such a system a discrimination between
single and double bonds is not possible any more [Vollhardt ].
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Figure 3.1.: Hybridised sp2 orbitals overlapwith each other and s orbitals fromhydrogen atoms
to form σ-bonds (A). Neighbouring pz orbitals form π-bonds, allowing high electron
mobility (B).
Neutral, i. e. uncharged, conjugated polymers are not conductive because
their valence band is ﬁlled and their band gap is too wide for thermal ex-
citation of electrons into the unoccupied energetic states of the conducting
band [Inzelt ]. For , the band gap, which is the quantum mechan-
ically forbidden zone of energetic states between the valence and conducting
bands in a semiconductor, is about . – . eV [Groenendaal ]. As was
discovered in the late ’s by future Nobel laureates Alan Heeger, Alan Mac-
Diarmid and Hideki Shirakawa conjugated polymers need to be doped with
ions to become conductive. Analogue to a p-doped semiconductor an oxidised
conjugated polymer contains delocalised electron defects (holes) which allow
a net transport of charges along the π-system. ose so-called polarons are
stabilised by anions and their amount and distribution is responsible for the
conductivity of the polymer. On the example of p-toluenesulfonate (tosylate)
14
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Figure 3.2.: Crystallographic structure of tosylate doped  as suggested by
Aasmundtveit The le illustration shows a projection along the b
axis; the right projection is shown along the c axis.
doped  it was shown by Aasmundtveit et al. in X-ray diﬀraction stud-
ies that the negatively charged tosylate ions have ﬁxed places in the crystal
laice of the polymer and thus do not contribute directly to the charge trans-
port [Aasmundtveit, 22]. e crystal structure of a unit cell is shown in
ﬁgure ..
Mathematical models predicting the band gap, while being quite accurate for
short oligomers, used to fail for long polymer chains, underestimating the real
values found in photospectrometric experiments. Zade suggested a new
model where the band gap narrows linearly with the chain length up to a cer-
tain number of monomer units, from where on the value starts stabilising until
reaching a constant energy. Obtaining experimental proof for these ﬁndings is
diﬃcult because of the low solubility of long conjugated oligomers, but the cal-
culated band gaps for inﬁnite chain lengths are in remarkably well agreement
with experimental values found for conductive polymer thin ﬁlms [Zade
].
On the chemical side, however,  does not have any functional groups
which allow graing of other molecules to the polymer without destroying the
electric conductivity established by the conjugated π-system of the backbone.
In order to develop an all-polymer biosensor with covalently aached sensing
probes one of the ﬁrst steps was the synthesis of a modiﬁed monomer to intro-
duce further functionality into the polymer. Even though several modiﬁcations
to the monomer unit ,-ethylenedioxythiophene () were described in the
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literature, none were commercially available at the time. us the synthesis
from scratch was necessary.
Starting from polythiophene as base material, a lot of eﬀort has been made
to improve its properties in terms of solubility and processability. Diﬀer-
ent ,-disubstituted thiophene monomers were synthesised to prevent forma-
tion of α–β linkages during polymerisation and to stabilise the polymer in its
oxidised state [Groenendaal, McCullough, Waltman ]. How-
ever, the alkyl-substituents led to distortion of the conjugated π-system due to
steric interaction and thus decreased conductivity [Roncali, Tourillon
]. e steric hindrance was lessened by connecting the  and  substituents
to form cycles [RoncaliSteric ]. is structure was later improved fur-
ther by introduction of heteroatoms such as oxygen or sulphur [Wang
][Blanard ], leading ﬁnally to the synthesis of the probably most promi-
nent of this family: ,-ethylenedioxythiophene or  [Jonas ]. Since
this monomer has been commercially available for a long time now, it was
not necessary to synthesise it for the experiments described herein. Its hy-
droxymethyl derivative , however, had to be made. e synthesis
has been described in the past by diﬀerent authors [AkoudadPE, 20]
and their protocols were followed in this work to a large extent. is chap-
ter describes the aempted synthesis of ,-ethylenedioxythiophene deriva-
tives with functional groups accessible for graing reactions. e synthesis of
(,-dihydrothieno[,-b][,]dioxin--yl)methanol was performed in six steps
starting with the formation of the thiophene ring. e details of each reaction




In this section the synthesis of ,-dihydrothieno[,-b]-,-dioxin-yl-
methanol is described in detail. All chemicals were purchased from Sigma-
Aldrich (Schnelldorf, Germany). e synthesis was tried once, but failed,
probably due to undesired polymerisation of an intermediate product. Dur-
ing the experimental work of a second batch, the desired product became
commercially available at a convenient price, therefore, it would have been
unreasonable to continue with the synthesis.
3.2.1. Synthesis step 1
e ﬁrst synthesis step is the preparation of diethyl thioglycolate by acid catal-
ysed esteriﬁcation of thiodiglycolic acid . A two-necked round ﬂask equipped
with reﬂux condenser and CaCl2 guard was ﬁlled with a solution of  g
( mmol) thiodiglycolic acid in  mL absolute ethanol. Over a period of
approximately  minutes and under continued stirring  mL concentrated sul-
furic acid were slowly added. e solution was then heated to reﬂux for another
 h. Aer cooling it was poured into  mL water and extracted ﬁve times
with dichloromethane (). e organic layer was washed three times with a
saturated aqueous Na2CO3 solution, dried over MgSO4 and concentrated with


















Figure 3.3.: Step 1: Acid catalysed esterification of thiodiglycolic acid 1.
3.2.2. Synthesis step 2
In the second step the thiophene ring is formed. Under N2 atmosphere all of the
product from the ﬁrst step (. g,  mmol) and . mL ( mmol) diethyl
oxalate were added dropwise over approx.  minutes to a cooled (℃) solution
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of . g ( mmol) sodium ethoxide in  mL absolute ethanol. e reaction
mixture turned to a very deep orange and a precipitate formed. Aer complete
addition, the solution was heated to reﬂux for  h. e yellow precipitate was
ﬁltered, washed with ethanol and dried under vacuum over night. It is evident
from the yield of  g ( %) that the product diethyl ,-dihydroxythiophene-






















Figure 3.4.: Step 2: Formation of the thiophene ring.
3.2.3. Synthesis step 3
e entire product from the second step was dissolved in  mL milli-Q water
under slight heating (approx. ℃). Insoluble particles were removed by ﬁltra-
tion. e dark orange ﬁltrate was acidiﬁed with  mL concentrated HCl. e
newly formed precipitate was ﬁltrated; further acidiﬁcation of the ﬁltrate led to
no precipitation. Drying the ﬁlter residue in vacuum at ℃ for three hours
yielded . g ( % based on step  input) diethyl ,-dihydroxythiophene-,-















Figure 3.5.: Step 3: Precipitation of the intermediate product by acidification.
3.2.4. Synthesis step 4
All of the product from step  was dissolved in  mL boiling ethanol, then
. g ( mmol) K2CO3 and . g ( mmol) ,-dibrompropan--ol in  mL of
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water were added. Aer boiling to reﬂux for  h another . g ( mmol)
,-dibrompropan--ol and . g ( mmol) K2CO3 in  mL water were added
and the solution was heated to reﬂux for  h. In the course of this procedure
the colour of the solution turned from a dark yellow to emerald green. Aer
cooling down, the reaction mixture was poured into  mL % HCl which re-
sulted in the formation of a white precipitate and a brown liquid phase. is
suspension was extracted twice with  mL chloroform; the organic phase
was ﬁrst washed with  % KCl and then dried over MgSO4. Aer removing
the solvent by rotary evaporation a dark crystalline solid remained. Lima et
al. [20] recrystallised this product from diethyl ether, but access to this sol-
vent was unfortunately prohibited for safety reasons. Diﬀerent similar sol-
vents were tested, but a clean separation was not possible by recrystallisation.
e reaction product was therefore extracted using a Soxhlet apparatus and
n-hexane as extractant. e extraction yielded a light brown crystalline prod-
uct, which was recrystallised once more from n-hexane to give approx.  g





















Figure 3.6.: Step 4: Esterification of the 3 and 4 hydroxy-groups.
3.2.5. Synthesis step 5
e ﬁh step of this synthesis is the saponiﬁcation of the ethylesters on the 
and  position of the thiophene ring. Compund  was solubilised in  mL
water together with  g KOH. and heated to reﬂux for  h. e liquid vol-
ume was reduced to approximately one third of its original amount by rotary
evaporation. e remaining solution was cooled in an ice bath and concen-
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trated HCl was added slowly under constant stirring. Conversely to the de-
scription of a white precipitate in the literature [20] a black foam formed. e
resulting dark and muddy solution was ﬁltrated and the black precipitate was
extracted with ethanol. In this step the product diethyl -(hydroxymethyl)-
,-dihydrothieno[,-b]-,-dioxine-,-dicarboxylic acid () might have been
lost due to polymerisation. e formed polymer was insoluble, so a thorough



















Figure 3.7.: Step 5: Saponification of the ethylesters on the 2 and 5 positions of the thiophene
ring.
3.2.6. Synthesis step 6
e last step describes the copper chromite catalysed decarboxylation of  to
yield the ﬁnal product ,-dihydrothieno[,-b]-,-dioxin-yl-methanol (). A
mixture of  mg step  product and  mg copper chromite catalyst in  mL
freshly distilled quinolinewas reﬂuxed under nitrogen for  h. Aer cooling, the
mixture was diluted with  and ﬁltrated. e ﬁltrate was ﬁrst washed with
 mL % HCl (four extractions), then with  mL % KCl (three extractions)
and then dried over MgSO4. Aer removing the solvent by rotary evaporation,
. g of a brown oily liquid were obtained.  analysis of this liquid conﬁrmed




















e production of a monomer unit for a conductive polymer with an accessi-
ble hydroxymethyl group ((,-dihydrothieno[,-b][,]dioxin--yl)methanol)
was aempted through a six-step synthesis. Polymerisation of this molecule
would result in a derivative of the widely used electrically conductive poly-
mer poly(,-ethylenedioxythiophene) () but with the added capability
for functionalisation through the hydroxyl group. is property makes the ma-
terial interesting for the use as signal transducer in electrochemical all-polymer
biosensors, and it was already employed for that purpose in several systems
[Luo, 9]. In connectionwith these research projects onemain synthesis route
was established and also modiﬁed to yield related -derivatives [20].
e synthesis failed in one of the last steps of the ﬁrst try, where, presum-
ably, most of the product polymerised, forming an insoluble black mass, which
was impossible to analyse. Halfway through a second, improved aempt the
product became commercially available and the time consuming synthesis was
discontinued.
Future developments and ﬁndings might require additional modiﬁcation of
this monomer unit. A likely derivative could for instance be equipped with a
polyethylene glycol () chain to prevent bio-fouling of implantable devices
or other sensors which are exposed to the sample for a very long time. is
and similar modiﬁcations could then be made rather easily using the monomer




In early stages of development rapid and low cost prototyping procedures are
welcome tools to allow ﬂexibility and a high throughput of prototypes. For the
polymerisation of the conductive polymer poly(,-ethylenedioxythiophene)
() several methods are known. Probably the most popular way to prepare
the polymer is electropolymerisation [9, 15, 18–21]. Alternatives are chemical
oxidation polymerisation in liquid [22–26] as well as in vapour phase [27–29].
e oxidative chemical pathway is advantageous because – unlike electrochem-
ical techniques – it does not require a conductive substrate.
We chose a liquid phase method with Fe as oxidant, which starts a radical
polymerisation. To achieve uniform, thin ﬁlms of the polymer, spin coating is
a widely used technique. A ﬂat substrate is usually ﬁxated on a rotor and a
solution containing either the dissolved polymer or a reactive mixture of the
necessary precursors is applied to the centre of the substrate disc. By spinning
the rotor, centrifugal force drives the liquid over the substrate, leaving a thin
and uniform layer on the surface. e properties of this ﬁlm are essentially
governed by the viscosity of the solution, the spin rate of the substrate and the
surface energy. As a rule, high spin rates and low viscosity lead to thin ﬁlms;
a high surface energy can cause disruptions in the ﬁlm because of insuﬃcient
weing.
For the desired biosensor application it is necessary to paern the ﬁlm to
obtain sensing electrodes and connection patches. Micropaerning of con-
ductive polymers is regularly done using cleanroom based photolithographic
techniques. However, although such processes are versatile, they are not well-
suited for fabricating inexpensive biosensor platforms due to their costs. To
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address this issue an alternative micropaerning procedure was developed re-
cently at our institute. is simple rapid prototyping method is based on con-
tacting  thin ﬁlms with a micro-structured agarose stamp soaked in a so-
lution of aqueous hypochlorite and a non-ionic detergent [25, 30]. Where con-
tacted,  is removed and the underlying substrate exposed. By employing
a cyclic oleﬁn copolymer () substrate we were able to fabricate nucleotide-
functionalised  microelectrodes on a  background with a low degree
of unspeciﬁc binding of , in a simple and inexpensive manner.
In the experimental section of this chapter the preparation of polymer mi-
croelectrodes will be described in detail. e results section will concentrate on
presenting data obtained from the characterisation of the physical and chemical
properties of the microelectrodes.
roughout this thesis the conducting polymers  and  will be
used exclusively with the dopant p-toluenesulfonate, widely known as tosylate,
and commonly abbreviated s. For the sake of clarity the author will refrain
from the use of the notations :s or :s, respectively. In situ-
ations where there is a possibility of confusion between diﬀerent materials, the




4.2.1. Conducting polymer film deposition
e conductive polymer  and its derivative  used during the
work presented in this thesis are not soluble in any of the common solvents. In
order to spin coat these materials, a reactive solution containing the monomer
and other chemicals necessary for the polymerisation need to be pre-mixed,
applied onto the substrate and then the polymerisation can be started. For the
experiments in this work conductive thin ﬁlms of tosylate doped  were
made by spin coating the reaction solution containing the monomer and ther-
mal activation according to the following procedure:
For each chip  μL of wt% Fe(III)tosylate in n-butanol (commercially avail-
able as Baytron® C from Heraeus, Germany) was mixed thoroughly with  μL
n-butanol,  μL pyridine and . μL of the monomer ,-ethyldioxythiophene
(, marketed as Baytron® M). e base pyridine acts as inhibitor and is re-
moved at a later stage to start the polymerisation reaction.
e reactivemixturewas then ﬁlled into a syringe equippedwith a ﬁlter (pore
size  nm). Cleaned Topas®  discs ( = . mm) were mounted on the
rotor of the spin-coater and ca.  μL of the reactive mixture was applied at
the centre of the disc. Spinning with  rpm for  s with an acceleration
rate of  rpm/s yielded a uniform yellow coating. Coated polymer discs were
then heated to  ℃ for ca.  minutes. During this process pyridine evapo-
rates and the progress of polymerisation can be observed by a colour change
from yellow towards a dark greenish blue. Pictures of the colour change are
shown in ﬁgure .. Excess reactants and by-products were rinsed oﬀ with de-
ionised water. Aer drying the discs obtained the characteristic blue colour
Figure 4.1.: The spin coated reactionmixture polymerises on a hot plate forming the conductive
polymer . The pictures were taken at approximately one minute intervals.
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of  (see ﬁgure .). Layers of :s were cast using . mg of
the monomer ,-dihydrothieno[,-b]-,-dioxin-yl-methanol also known as
hydroxymethyl- or  instead of . It is advisable to dissolve
this waxy component in n-butanol prior to mixing it with Baytron® C and
pyridine. is conductive polymer provides a possible graing site for later
functionalisation.
As shown in the results section of this chapter (section .., page ), 
has a higher conductivity than . To increase the sensitivity of the sen-
sors in most experiments described here, bilayers consisting of  covered
with  were employed.
Figure 4.2.: The polymer layers obtain their characteristic blue colour aer rinsing excess reac-
tants oﬀ the coated Topas® discs. The right image shows a discs with a bilayer.
4.2.2. Microelectrode preparation
Interdigitated microelectrodes were fabricated by agarose stamping, as de-
scribed in detail by Hansen et al. [25] and more recently by Lind et al. [30].
At ﬁrst, the desired paern is etched as a relief into a silicone wafer by stan-
dard clean room procedures. It was found that structures with high aspect ra-
tio (i. e. around :) performed best. en a wt% agarose gel was prepared
by suspending  g agarose in  mL de-ionised water and melting it in a mi-
crowave oven. e agarose was ready to use when it had turned into a clear,
viscous liquid. e freshly plasma treated Si master was placed on a hot plate
at approximately  ℃ and equipped with a round cast around the paern. Liq-
uid agarose gel was ﬁlled into the cast and covered to avoid dehydration. It
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Figure 4.3.: An agarose stamp soaked with a solution containing 1 – 1.5 % sodium hypochlorite
and 0.1 % Triton™ -100 was used to oxidise exposed parts of a  layer.
was kept on the hot plate for  minutes to allow air bubbles to surface. Aer
making sure that no bubbles stuck to the silicon (causing ﬂaws in the stamp),
master and gel were cooled in the refrigerator for  minutes to solidify the
gel. e agarose gel slab was peeled from the master and cut to the right size
with a scalpel. It was then soaked in a  – . % solution of sodium hypochlorite
in water containing . % of the surfactant Triton™ -. Aer  to  min-
utes the stamp was removed from the solution and its surface was dried with
pressurised nitrogen. Care has to be taken to not dry out the gel entirely to
avoid deformation and other damage, however any liquid droplets must be re-
moved from the paerned face of the stamp. Aer manual alignment of the
paern, the gel slab was pressed ﬁrmly by hand onto a  covered Topas®
wafer. Aer  s the stamp was removed and immediately immersed into the
sodium hypochlorite solution. Treated in this way, the stamp could be re-used
for about  applications before severe degradation was visible. An illustration
of the process is shown in ﬁgure ., the necessary tools are shown in ﬁgure ..
e freshly paerned disc was rinsed with ethanol and de-ionised water
to wash oﬀ any residual over-oxidised . e remaining paern of con-
ductive polymer now had a dark purple hue, characteristic for  in a re-
duced state. To re-dope the polymer, the disc was immersed shortly in a  %
Baytron® C solution and rinsed with de-ionised water. During this process the
colour of the polymer changed from dark to light blue indicating the conversion
from a reduced state to a more conductive oxidised state with higher degree of
doping. e stamp design comprised interdigitated electrodes with a width of
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Figure 4.4.: A: Silicon wafer with deep etched template for casting the gel stamp. B: Solid
agarose gel with microelectrode paern. C: Topas® disc with multiple  lay-
ers. D: Paerned  microelectrodes. The pencil is included as scale (Picture
courtesy of Johan U. Lind [30]).
 μm. e spacing between the single wires was the same as their width. An
alternative paern with wires of  μm width and spacing was tested, but not
employed for the ﬁnal sensor applications due to a prospected lower sensitivity.
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4.3. Results and discussion
e conductive polymer ﬁlms prepared as described above were characterised
with atomic force microscopy (), proﬁlometry and the four point probe
technique for the determination of the sheet resistance. e agarose stamp-
ing procedure was then analysed with the help of a simpliﬁed wire paern and
diﬀerent characterisation methods. Lastly the stamped interdigitated electrode
paerns were investigated.
Some of the following experiments were carried out by Alexander Bakos
Leirvåg, who was a master student under the supervision of the author. A
more detailed summary of his work can be found in his thesis [Leirvaag ].
4.3.1. Film thickness
e thickness of spin coated  layers depending on the spin rate was in-
vestigated and correlated to the substrate (silicone dioxide or Topas®). Mea-
surements were done using a proﬁlometer (Dektak ) on the Topas® discs and
an  (, Park Systems, South Korea) for silicon wafers. It was expected
to see diﬀerences between the two substrates due to their individual surface en-
ergy. e increased centrifugal force caused by higher spin rates was expected
to result in thinner  layers.
Our observations are shown in ﬁgure .. As can be seen from the graphs,
there is a linear correlation of the spin rate and the ﬁlm thickness on both sub-
strates. e obtained ﬁlms were in general thinner on SiO2 than on Topas®,
which can be related to the more hydrophilic properties of SiO2 compared to
the polymer Topas®, causing a lower contact angle of the relatively polar reac-
tive mixture. e lower standard deviations of the values measured on silicon
wafers can be aributed to both the diﬀerent instrumentation and the more
even surface of the highly polished substrate. e surface roughness of the
polymer ﬁlms was determined on a silicon wafer. e average roughness was
found to be . ± . nm. e morphology of oxidised and reduced ﬁlms did
not diﬀer at a level measurable with our instrumentation.
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Figure 4.5.: The eﬀect of the spin rate on the thickness of resulting polymer layers is shown on
two substrates. A higher spin rate led to thinner layers. Films on silicon (le) were
in general thinner than on Topas® (right).
4.3.2. Film conductivity
e four point probe method allows the measurement of the sheet resistance of
a material by driving a current through the outer pins of a four electrode array
and measuring the potential drop between the inner two electrodes [Smits
]. Data recorded by the four point probe typically contains some strong outliers
in the lower current range as seen in the sparkline . is is due to
contact resistance and would inﬂuence the mean when centring the data. For
this reason it was decided to use the median instead for all further calculations.
e measured sheet resistance  and the layer thickness d were used to
calculate the resistivity  of the  ﬁlms according to
 =  · d (.)
As can be seen in ﬁgure ., the sheet resistance decreased linearly with thinner
 layers, however, the resistivity remained mostly unchanged for polymer
layers thinner than  nm and decreased only for sheets thicker than that.
A list containing measured values for layer thickness and resistivity is given
in table .. e slightly lower resistivity of  on SiO2 compared to Topas®
could be explained by the smoother polymer ﬁlms obtained on the Si wafer. e
reactive mixture which was used to coat the SiO2 substrate was ﬁltered while





















































Figure 4.6.: The sheet resistance decreases linear with the layer thickness (le). Layers thinner
than 120 nmhave the same resistivity, while thicker layers becomemore conductive
(right).
( lumps or iron tosylate crystals) were incorporated into the ﬁlms. An
investigation with  using a conductive tip in contact mode revealed that
there are in fact micro particles in the ﬁlm and their conductivity was less than
that of the surrounding polymer (ﬁgures . a and b).
To reduce measurement artefacts and noise in the  images a mean ﬁlter-
ing was applied to the raw data. Mean ﬁltering is an algorithm which averages
an area of n neighbouring pixels in a dataset. e resulting images make the
correlation of the protrusions in the topographic image (ﬁgure . c) with the
dark, less conducting areas in the conductivity image (ﬁgure . d) more appar-
ent.
e resistance values reported above are all for single layers of . For
the biosensor application we were interested in the performance of the deriva-
tive , because of its reported lower conductivity [Hsiao ], or in the
conductivity of a : bilayer. e conductivity  of the 
ﬁlms was calculated from the sheet resistance  measured with a four point
probe and the layer thickness d according to
 =
1
 · d (.)
Our ﬁndings for  were  ± . S/cm and for   ± . S/cm.
e bilayer material showed a conductance of  ± . S/cm. ese values
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Table 4.1.: Influence of the spin rate on thickness and resistivity of  thin films produced
with spin coating.
ickness (nm)  (nm) Resistivity
(Ωm)
 (Ωm) Spin rate
(rpm)
Substrate
  . · -  · -  SiO2
  . · -  · -  SiO2
  . · -  · -  Topas
  . · -  · -  SiO2
  . · -  · -  Topas
  . · -  · -  Topas
  . · -  · -  SiO2
  . · -  · -  Topas
  . · -  · -  Topas
are within the expected range as they compare very well with previous results
published by Winther-Jensen and West [23], Hansen et al. [25] and Hsiao
It was reported previously that thermal annealing processes of spin coated
thin ﬁlms of poly(styrenesulfonate) doped  (:) increased their
conductivity substantially. is eﬀect is related to structural changes in the
polymer where non-conductive domains of  interrupt the  sheet
[Farah ]. Our own experiments could not proof such an eﬀect for tosylate
doped  (:s). is suggests that :s is, unlike :,
already quite homogeneous and a rearrangement of polymer chains leads to no
beneﬁts regarding conductivity.
Dry heating up to ℃ did not have any eﬀect on the polymer, so some
samples were heated in a liquid medium to study possible changes. A set of
parameters consisting of three solutions, three temperatures and three heating
periods was created. To reduce the total number of experiments and since the
parameters are independent of each other, several parameters could be tested
in parallel according to the Taguchi-matrix displayed in table ..
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(a) Impurities seen on a topographic  im-
age.
(b) Conductive  shows that the contam-
inations are not conductive.
(c) Figure 4.7a enhanced by mean filtering. (d) Figure 4.7b enhanced by mean filtering.
Figure 4.7.:  images from spin coated  layers showing impurities which are not con-
ductive and could therefore increase the resistivity of the bulk material.
Table 4.2.: A Taguchi matrix was used to test a complex set of parameters with a reduced num-
ber of experiments.
Experiment Temperature (C) Time (min) Solution
  (A)  (A) milli-Q (A)
  (B)  (B) a (B)
  (C)  (C) b (C)
   
   
   milli-Q
   
   milli-Q
   
aSaline sodium citrate
bDulbecco’s phosphate buﬀered saline
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Figure 4.8.: Comparison of the sheet resistance of the samples in their fresh state (blue) and
aer the diﬀerent heat treatments (orange). The leers on the x-axis correspond
to the seings listed in table 4.2; as an example,  means 25℃, 5 minutes and
milli-Q.
is method allows the testing of several parameters in parallel instead of
testing them individually. Every experiment was done in triplicates and the
sheet resistance was measured before and aer each step of the experiment.
All experimental results are shown in ﬁgure .. It is clear that every treatment
caused an increase of the sheet resistance and thus a decrease of conductivity.
To ﬁnd the parameter which inﬂuences the electrode most (largest relative
change), the “signal-to-noise ratio” (SNi) of every trial and experiment was
calculated with












Ni number of trials per experiment
u trial number
y relative change in sheet resistance
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A new matrix was constructed which contains one SN -value for every pa-
rameter and seing. Comparing the values for the single seings (Δ) shows
how much the outcome of the experiment was inﬂuenced by every particular
parameter (large number means more inﬂuence) [Rao ].
Table 4.3.: The influence of each individual parameter can be evaluated by comparing the vari-
ation of the signal to noise ratio. A large diﬀerence means that the parameter has a
strong influence on the outcome.
Setting Temperature Time Solution
A −. −. −.
B −. −. −.
C −. −. −.
Δ : : :
We learn from table . that temperature was the governing parameter, fol-
lowed by the type of solvent. is is no surprise, since the higher temperature
would accelerate any reaction going on. e ion content of the diﬀerent so-
lutions might also contribute to potential changes; , which corresponds to
seing C seems to have the strongest eﬀect.
Aer one day of waiting, the sheet resistance was measured again and aer
that all samples were dipped for  s into a  % aqueous solution of iron tosy-
late. Figure . shows histograms of the sheet resistance distribution among the
samples in their pristine state as well as aer every experiment. e diﬀerent
heat treatments cause a wider spread in the distribution of sheet resistance val-
ues. Aer one day the resistance increased, but the range and the distribution
did not change much. Aer dipping the samples into the iron tosylate solution,
conductivity increased again and the spread was reduced. e sheet resistance
of freshly prepared samples ( ±  Ω/) diﬀered from those treated with iron
tosylate ( ±  Ω/) by about  %.
It can be concluded, that the heating procedure does inﬂuence the conduc-
tivity of , but the change is reversible by re-doping the polymer with
tosylate. e assumption is that heating the sample in the presence of a solvent
causes the dopant tosylate to diﬀuse out of the  matrix. e lower doping
grade of the polymer leads to a reversible decrease in conductivity.
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Figure 4.9.: Histograms showing the range and distribution of sheet resistance values for the
investigated samples aer diﬀerent treatments.
4.3.3. Agarose stamping
emicrofabrication procedure using agarose stamping for a chemical wet etch
as described previously in section .., page  was studied and optimised with
a simpliﬁed paern. is paern comprises a series of microwires connected to
individual contact patches (see ﬁgure . for micrographs of the mask and the
siliconmaster). e smallest wire ( μm) could unfortunately not be reproduced,
so all measurements were done using the remaining four wires.
Our interests were especially in studying the inﬂuence of the stamping time
on the resulting wire width and conductance. Another ﬁeld of interest was the
re-usability of the stamp, i. e. the number of times one and the same stamp can
be used to reproduce a comparable paern.
A series of paerns was stamped on  thin ﬁlms using stamping times
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from – s and a hypochlorite concentration of  %. e actual wire width
was then measured with optical microscopy and a lens providing  times mag-
niﬁcation. e measurement uncertainty was estimated to be  pixels, corre-
sponding to  μm. e resistance of thewireswasmeasuredwith an uncertainty
of . %. In ﬁgure . the wire resistance was ploed against wire width for
diﬀerent stamping times. It is apparent that the resistance of the wires in-
creased strongly with longer stamping times, while the observed width of the
wires had a smaller eﬀect.
Figure 4.10.: The mask with five diﬀerent wires (le) and the silicon master fabricated with
deep reactive ion etching (right).
Assuming an ideally stamped wire of the width w, thickness h and length l
with rectangular cross section and the speciﬁc resistivity , the resistance R is
R =
 · l
w · t (.)
For the wires in the paern length, thickness and resistivity were assumed to
be the same for all samples, leaving the width w as variable. Using a power
ﬁt with the function R = awb on the values shown in ﬁgure . allowed to
compare the data.
e exponent b has the value − for inversely proportional factors as seen
here. However, it was found that b decreased with longer stamping times from
− for  s to −. for  s stamping time (see table .). is suggests that the
conductive cross sectional area does not correspond to the measured values for
wire with and height.
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Figure 4.11.: The stamping time aﬀected both the wire width and their resistance. Stamping
longer than 60 s caused a great loss in conductivity.
is irregularity was investigated further with conductive . A  nm
thick  layer on a silicon wafer was stamped for  s. A comparison of the
topographic  data with the conductive image is given in ﬁgure .. As can
clearly be seen, the conductivity of the wire was much lower than that of the
Table 4.4.: Fiing parameters for wire width/resistance data shown in figure 4.11.
t (s) R2 a  b 
 .  · -  · - - .
 . . · -  · - -. .
 .  · -  · - -. .
 . . · -  · - -. .
 .  · -  · - -. .
 .  · -  · - -. .
 .  · -  · - -. .
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Figure 4.12.: A topographic image of a stamped  microwire (le) and a map of its con-
ductivity (right) measured with  using a conductive tip in contact mode.
contact patch (area in the background), even though the height of the polymer
layer was the same.
In ﬁgure . two-dimensional trace overlays are displayed; they show the
topographic width of four wires together with the measured current signal.
ese measurements prove that a substantial portion (in average . ± . μm)
of the wires was not conductive any more. e observed eﬀect is most probably
due to diﬀusion of hypochlorite or gaseous chlorine from the stamp into the
 wire, over oxidising the conductive polymer partly in the process. is
eﬀect was also reported by Hansen et al. [25]. Since diﬀusion is time dependent
this hypothesis explains the increasing conductivity loss for longer stamping
times (see ﬁgure .).
For future experiments it was decided to use  s stamping time, because it
ensured that the  was etched all the way through to the substrate, while
showing only minor deactivation due to diﬀusion. Another indication conﬁrm-
ing the diﬀusion hypothesis is the comparison of the conductance of wires with
diﬀerent widths which were all stamped for the same time ( s). Figure .
shows the linear correlation of width and conductance as it would be expected
in such a case.
While stamping using the same stamp repeatedly on a batch of  coated
Topas® discs with the same stamping parameters it was observed that the re-
sulting wires became larger and larger. A time series experiment was designed
and its results are shown in ﬁgure .. It was found that for all four wire sizes
the actual width increased with the age of the stamp. From micrographs show-
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Figure 4.13.: Line profiles of topographic and conductive  measurements. The topographic
profile (orange) suggests a wider wire, while the conductive measurements (blue)
revealed the true dimensions of the wire. It should be noted, that no information
about the eﬀective height of the wires can be deducted from these images. The
graph titles show the designed wire width.
Figure 4.14.: Diﬀusing oxidation agents from the agarose stamp can aack polymer which is













































Figure 4.15.: The conductance of the wires correlated with their width if the stamping time was
the same. All wires here were stamped for 60 s.
ing a fresh stamp and the same stamp aer  h of repeated use (ﬁgure .) it is
clear that the trench deﬁning the wire paern was widened over time, causing
the growing deviations from the originally designed size. is degradation was
faster during the ﬁrst few applications of the stamp and stabilised later.
4.3.4. Microelectrode fabrication
Using the parameters found in the previous study of the stamping process, in-
terdigitated microelectrodes were fabricated in the same way. e silicon tem-
plate was designed with a wire width and spacing of  μm. e size of the
paerns allowed to use optical microscopy to measure wire widths of the elec-
trodes and assess the overall quality of the paern. In ﬁgure . optical mi-
crographs of the Si master (a) and stamped paerns (b and c) are shown. It is
obvious from these pictures that the paern has not been reproduced very well
in terms of wire width. e regularity of the paern, however, was quite good.
at means that the electrodes could be used for experiments, but it was nec-
essary to measure the average wire size on each chip and take it into account
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Figure 4.16.: The older the stamp becomes, the wider the wires turn out. The plot shows data
from wires stamped with the same stamp over a period of time.
Figure 4.17.: An agarose stamp before (le) and aer (right) use.
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(a) Silicon master. (b) Stamped  wires.












(d) Width distribution among the same
batch.
Figure 4.18.: Micrographs of the silicon master (a) and stamped  wires (b, c). In image
(b) the tips of the wires were slightly overexposed. All scale bars are 100 μm long.
The histogram (d) shows the distribution of the wire width obtained from the
same stamp.
when comparing results from diﬀerent electrodes. e distribution of wires
sizes within a single batch of stamped electrodes, i. e. they were all prepared
with the same gel at the same day, is displayed as a histogram in ﬁgure . d.
Although being designed for  μm, a mean width of . ± . μm was found.
As described above in section .., page  the large deviation from the original
wire size can be explained by diﬀusion processes occurring during stamping.
Shortening the exposure time would certainly reduce the eﬀect, however, the
etching of the desired areas would not be complete then, resulting in residual
conductivity between the wires. e degradation of the stamp by both time
and repeated use as observed with the other paern could also add to the un-
certainty. It is possible that, due to the diﬀerent geometry, not the trenches
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(a) A three-dimensional representation












(b) Box plot showing statistical data of
 height measurements.
Figure 4.19.: The three-dimensional  image shows two  wires from a stamped pat-
tern (a). Line traces over such wires were used to determine the film thickness,
summarised in the box plot (b).
in the stamp widened, but the agarose dividers were squashed, thus resulting
in narrower trenches. A third factor adding to the poor reproducibility may
also be owed to the manual application of the stamp without the possibility of
uniform pressure control.
 measurements were used to investigate the paerns further. Fig-
ure . a shows a three-dimensional representation of two stamped electrode
wires. Evaluation of line proﬁles over scans from seven diﬀerent chips showed
that the average ﬁlm thickness was . ± . nm. e box plot in ﬁgure . b
displays further statistical data. is value is less than what would be expected
considering the data presented in section .., but it can well be that there was




e coating of Topas® and silicon wafers with thin ﬁlms of the conductive
polymer  and the paerning of these ﬁlms has been studied. e ﬁlms
were prepared by spin coating a reactive mixture containing the monomer ,-
ethylenedioxythiophene onto the two substrates. e thickness of these layers
was controlled within a narrowmargin by adjusting the spin rate. As expected,
higher spin rates led to thinner layers.
By measuring the sheet resistance of the layers it was found that the con-
ductivity of  was independent of the layer thickness within one order of
magnitude; applying thicker layers or bilayers, however, increased the conduc-
tivity. Unlike previously reported for : [Farah ], the conductivity
of tosylate doped , as it was used here exclusively, was not permanently
increased by heating in dry condition. However, immersing the polymer in
an aqueous medium and heating it there caused a signiﬁcant but reversible in-
crease of the sheet resistance.
e paerning of was studied using a simple template with wire struc-
tures of diﬀerent sizes. It was found that the stamping time can aﬀect the con-
ductivity of the paerned wires, even though their visible dimensions stayed in
a similar range. Conductive  measurements revealed that the physical wire
width was considerably larger than the “conductive wire width”. is suggests
that hypochlorite or chlorine diﬀused from the stamp into the paern, over oxi-
dising the conductive polymer in the process. Interdigitated electrodes for later
applications as biosensors were also produced in this way. A compromise al-
lowing complete oxidation of the exposed portions of the paern, while keeping
the diﬀusion induced conductivity losses in the wires at a minimum was found
with a stamping time of about  s. Wires fabricated with this seing showed a
fairly linear correlation of conductance and wire width; this conﬁrms that the
ratio of physical and conductive wire width did not vary signiﬁcantly.
e mean wire width achieved using this technique turned out to be approx-
imately  % of the designed value and some electrodes were too thin for good
measurements. Additional optimisation of the stamping procedure is therefore
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required, but also a template with larger structures might improve the yield of
good paerns. It was further observed that repeated use of one and the same
stamp caused a steady change in the reproduced paerns due to wear and tear.
In conclusion this means that agarose stamping has been proved to be a useful
way for rapid prototyping. For applications at a larger scale, however, it would
be advisable to rely on faster and more reproducible methods, like for exam-
ple roll-to-roll processing as it is used already for the production of polymer
photovoltaic cells [Krebs ].
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5.1. Introduction
As alternatives to antibodies, aptamers have recently aracted increasing at-
tention due to their capability to bind a wide range of targets: nucleic acids,
proteins, metal ions and other molecules with high aﬃnity and sensitivity
[SongSensors, Hong ].
Aptamers are peptides or oligonucleotides ( or single stranded ;
ss) that bind to a speciﬁc target molecule. e aptamers typically fold
into a three-dimensional structure, whose conformation is changing upon lig-
and binding.eir biological analogues are riboswitches – parts of the mes-
senger  capable of regulating the translation by speciﬁc ligand binding
[Winkler:gd ]. Uses for aptamers have therefore been proposed in the
sector of macromolecular drugs as artiﬁcial riboswitches for the treatment of
cancer or other diseases. For analytical purposes aptamers compete with the
well established and characterised antibodies, but they have a few advantages.
While showing similar aﬃnity and speciﬁcity towards their target molecules
as antibodies, aptamers are more stable against environmental inﬂuences like
heat or harsh chemical conditions, because they do not necessarily denature
irreversibly. Kept under sterile conditions, their shelf life is virtually indeﬁ-
nite. eir target range is also not limited to immunogenic compounds, but
comprises a vast quantity of small and large molecules, viruses, bacteria, whole
cells, and even single ions. e in vitro selection and production of aptamers
poses major advantages over the in vivo processing of antibodies, since it ex-
cludes batch-to-batch variations and reduces costs, while being faster at the
same time [Lee ]. For some analytical methods the size diﬀerence of aptamers
and antibodies is also an important factor. Impedimetric sensors or ﬁeld eﬀect
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Figure 5.1.: A few examples of common  secondary structures.
transistors are most sensitive when the binding event happens within the so
called Debye screening range. is distance is determined by the ion concen-
tration in the electrolyte surrounding the electrode; for biologically relevant
solutions it is in the range of – nm. Aptamers typically fall into this size
range, while proteins are much larger than that. e oligonucleotide aptamers
can also easily bemodiﬁedwith signal moieties and can be produced at low cost.
Up to now, a variety of assays have been successfully developed for aptamer-
based detection of biomolecules [Guo, Centi,Wu, Yan ].
e aﬃnity of an aptamer towards a ligand is mainly owed to the stabilisation
of secondary structural motifs in the presence of the right ligand. Typical motifs
are hairpins, duplexes, loops, -quadruplexes, bulges, junctions and internal
loops [Batey ]. Graphical representations of a few motifs are shown in
ﬁgure ..
e target molecules are integrated into those structures and can form
pseudo-basepairs with single nucleotides over hydrogen bonds or electrostatic
interactions. Planar molecules such as theophylline or ﬂavin mononucleotide
can also stack on top of coplanar structural motifs of the aptamer [Patel,
Famulok, Hermann ].
To force certain structures or to protect aptamers from degradation through
nucleases, artiﬁcial bases were inserted into oligonucleotides to form so
called xeno-nucleic acids () or locked nucleic acids () which establish
oxymethylene bridges to retain certain motifs [Veedu, Pinheiro ].
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ese modiﬁcations can also be made aer the selection procedure described
in the following [54].
Figure 5.2.: Illustration of the  process. A random  pool (library) is incubated with a
target molecule. Some of the strands bind to the target, the others are discarded.
Binding strands are then amplified via  and used for another selection round.
Novel aptamers can be developed using a process called systematic evolution
of ligands by exponential enrichment () [Ellington, Tuerk ]. 
 describes the iterative selection of high aﬃnity aptamers from a large pool
of randomised oligonucleotides. Figure . shows a graphical representation
of the process. e cycle is started with a random pool consisting of oligonu-
cleotides. is so called library comprises oligonucleotides which are typically
between  and  bases long and have deﬁned regions for primer annealing
on both ends and random sequences in the middle. e library is then incu-
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bated with puriﬁed target molecules in a buﬀered solution, the selection buﬀer.
In the next step, target/ (or ) complexes are separated from the non-
binders in the pool. Aer stripping the complexes of the targets, the  can
be ampliﬁed via polymerase chain reaction () . e resulting double stranded
product must be denatured and separated. If an  pool was used for selec-
tion, transcription steps are necessary. e enriched pool resulting from this
ﬁrst round of selection is incubated again with the target and the whole proce-
dure is repeated. Depending upon the quality of the separation of binders and
non-binders, up to  rounds of selection are necessary before aptamers with
reasonable aﬃnity can be obtained. To increase the selectivity of the resulting
aptamers, it is oen necessary to include counter-selection steps where a pool
is incubated with a substance similar to the real target and only the remain-
ing oligonucleotides are used for further selection. Other measures to increase
the quality of the selected aptamers include increasing the stringency of the
selection process by varying temperature or salt concentration of the selection
buﬀer.
Aer a suﬃcient number of cycles the enriched library is cloned and se-
quenced. Comparing the sequences can give hints of the region responsible
for the aﬃnity to the target. To ﬁnd out which of the aptamers is the best,
aﬃnity assays are usually carried out using diﬀerent methods [Tuerk,
Ellington, Lee ].
Probably the most challenging part of the  process is the separation of
binders and non-binders. In this crucial step it is very important to remove
as many of the weakly or unspeciﬁcally binding  sequences as possible in
order not to amplify them in the  step [Gopinath, Stoltenburg
]. Not only will a good separation method help reduce the number of neces-
sary selection rounds, it will also increase  performance because the chance
for unspeciﬁc annealing is reduced in a less random pool. To address this is-
sue, many possible solutions were developed in the recent past. Gopinath
compiled an extensive list of diﬀerent partitioning techniques together with
their individual beneﬁts and shortcomings [Gopinath ]. Likely the most
important of these methods are the immobilisation of the target onto an aﬃnity
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matrix such as sepharose or agarose [Liu, Tombelli ] or onto magnetic
beads [Kikui, Lupold, Stoltenburg ]. Both of these methods
require very lile instrumentation but could cause undesired chemical modiﬁ-
cations of the target during immobilisation. If ultracentrifugation over nitrocel-
lulose [Bianini, Sneider, Tuerk ] or capillary electrophoresis
[Mendonsa,Mosing, Tang ] are used to separate target/aptamer
complexes from non-binders the ligand can be used free in solution; also lower
amounts of target are required using these techniques.
Less used methods comprise ﬂow cytometry [Davis ], surface plasmon
resonance [Misono ], centrifugation [Rhie ], -crosslinking (photo-
) [Jensen ] and electrophoresis [Smith ]. ere have also been
aempts to automate the whole process [Cox, Cox, Eulberg ],
but so far none of these techniques is used at a larger scale.
In our aempts to select aptamers against the inositol triphosphate receptor
() or themetalloprotease-like enzyme karilysinwemainly used three of these
methods. e selection of  was tried on magnetic beads with immobilised
target. For the selection of karilysin aptamers the protein was in a ﬁrst aempt
immobilised onto a standard polystyrene microtiterplate. Aer problems had
arisen using this protocol the separation method was changed and capillary
electrophoresis () was used instead.
Unfortunately it turned out that too many problems came up aer several
rounds of selection and that the ultimate goal, ﬁnding an aptamer against a
virus, could not be achievedwithin a reasonable time frame that allowed further
development of the sensor system. For this reason we fell back on the use of
aptamer sequences from the recent literature for proof of concept experiments
with our biosensor.
is chapter describes the diﬀerent  protocols used for the selection of
aptamers against  and karilysin. A discussion about the problems encoun-
tered and suggestions for solving them as well as a possible way to use capillary




is section will detail the experimental conditions for the aptamer selection
procedures tried in the course of the PhD project. Although three diﬀerent
methods were tested, they diﬀer mainly in the separation step, while the rest
of the procedure remains the same or is very similar. As described at length on
page  the  cycle starts with the incubation of the random librarywith the
targetmolecule. molecules with lile or no aﬃnity to the target arewashed
away, while binding oligonucleotides are transferred to the next step. ere,
they are released from the target and ampliﬁed using polymerase chain reaction
(). Aer removing one strand from the double stranded reaction product,
the enriched library is incubated again with fresh target and the procedure is
repeated.
In the following the selection of aptamers against the receptor  is de-
scribed.
5.2.1. Preparation of the initial library
A randomised  pool was purchased from Euroﬁns (Germany) and had to
be ampliﬁed. A  master mix was prepared from concentrated solutions ac-
cording to table .. For a small scale test-  μL master mix were blended
with . μL Taq polymerase (DreamTaq®,  u/μL) and split up into two 
tubes; one as control without template, one with  μL template, yielding a 
concentration of  pM. e reaction was run with the parameters listed in
table . a.
To evaluate the  product a  % agarose gel was cast from ultra pure agarose
(Invitrogen) and ×trisborate  () buﬀer. Before casting  μL ethidium
bromide were added to the gel. Agarose gels were usually prepared in large
scale and stored at ℃ in a sealed bag. e gel was run for  minutes with
. μL sample and . μL gel loading solution (Invitrogen) in each but one
well and a ladder (GeneRuler™ Ultra Low Range Ladder, Invitrogen) as length
marker. e applied potential was  V. Aer verifying that there was only a
single band in the sample well the  was repeated at a larger scale (× μL)
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Table 5.1.:  mastermix prepared as stock solution for later reactions.
Amount Substance
 μL × DreamTaq® buﬀer containing  nM MgCl2
 μL  nM d (d-nucleotide mixture)
 μL  nM MgCl2 (end concentration:  nM)
 μL  nM bt (reverse primer with biotin tag)
 μL  nM  (forward primer without biotin tag)
 μL Milli-Q water;  μL more were added to compensate for pipeing
errors
Table 5.2.: Thermocycler protocols for  and denaturation of a single stranded  library.
(a) Time and temperature protocol
for .
Time (s) Temperature (℃)
 
 9=; cycles  
 
1 
(b) Time and temperature protocol
for denaturation and folding.
Time (s) Temperature (℃)
   cycles 
 
1 
with the same seings. Gel electrophoresis conﬁrmed the success of the reac-
tion.
5.2.2. Strand separation
e  product was double stranded  (ds), so one strand had to be re-
moved for the aptamer selection. For this step  μL streptavidin coated mag-
netic beads (=  μm, SiMag) were washed twice in  μL phosphate buﬀered
saline () using a magnetic separator. e beads were then incubated with
 μL  product for  minutes Aer removing the supernatant, the beads
were washed with  and incubated with  μL  nM NaOH for exactly
 minutese supernatant was transferred to a fresh vial and mixed with  μL
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glycogen ( mg/mL),  μL sodium acetate ( M, pH .) and  μL cold ethanol
to precipitate single stranded  (ss). e mixture was cooled for  min-
utes at −℃, centrifuged for  minutes at   g, washed with cold  %
ethanol, centrifuged again with the same seings and dried aer removal of
the supernatant.
5.2.3. First selection round
For the ﬁrst round of selection  μL magnetic beads (=  μm, hydroxyl
groups on surface, hexyl linkers) functionalised with  were washed twice
with  μL of the binding buﬀer  nM K2PO4 +  nM MgCl2 (pH ). e
precipitated and dried ss library was dissolved in  μL binding buﬀer and
heated in a thermal cycler according to the procedure listed in table . b to
denature and fold the strands. e solution was then transferred to the mag-
netic beads where it was incubated for  h at room temperature during which
the suspension was shaken every  minutes. e beads were then washed ﬁve
times with binding buﬀer before binding  strands were eluted using  nM
NaOH. Dissolved ss was then precipitated from the eluent as described in
section ...
5.2.4.  amplification
e precipitated ss pellet from the ﬁrst selection round was dissolved in
 μL milli-Q water. A small scale pre-ampliﬁcation was run using  μL of
the master mix (table .), . μL Taq polymerase and  μL template . 
parameters were the same as in table . a but with  cycles instead of seven.
e remainder of the  was stored at −℃ as backup and for later refer-
ence. Aer conﬁrming the success of the  with gel electrophoresis,  μL
of the product were ampliﬁed in two  μL batches using the protocol from
table . a. As preparation for the next round, the strands were separated as
described before (section ..).
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5.2.5. Negative selection and second cycle
To exclude  which binds to the beads instead of the target, a pre-selection
was made with denatured  from the ﬁrst cycle against hydroxyl-modiﬁed
magnetic beads. Aer  h incubation time at room temperature the supernatant
was transferred directly onto washed  functionalised beads and the selection
round was continued like the ﬁrst cycle.
5.2.6. Further selection rounds
A third  round was started aer moving to our new laboratories but un-
fortunately the results obtained before at  in Odense were not reproducible
in our facilities. Aer several unsuccessful trials the project was discontinued
in favour of new  protocols for two other target molecules, karilysin and
amyloid β, to support one of our collaboration partners and a fellow PhD
student, respectively.
5.2.7.  with surface bound target
e following experiments were done in close collaboration with Lasse Holm
Lauridsen who was a research assistant in our group at the time and worked on
the selection of an anti-karilysin aptamer. As mentioned before, most steps do
not diﬀer substantially from those described in connection with the selection of
 aptamers and therefore only the partition techniques will be detailed here.
While in the procedure shown above magnetic beads were used to separate
binding  from non-binding strands, the peptide amyloid β (Aβ) was
immobilised directly into a reaction vessel of a -well plate. A  μg/mL solution
of Aβ in sterile ﬁltered  was prepared and  μLwere transferred into one
well of a standard polystyrene microtiterplate (-well, Nunc). Another well
was ﬁlled with  μL sterile ﬁltered  for the negative selection. e well
plate was incubated over night at ℃. Aer removing the liquid, the surface
of the wells was blocked by adding  μL of a  % bovine serum albumin ()
solution and incubation on a shaker ( rpm) for  h at room temperature.
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Both wells were then washed ﬁve times with washing buﬀer (. % Tween® 
in ).
e library was prepared by heating it to ℃ for  minutes and then cooling
it on ice.  μL of a : mixture of library and %  solution in  were
added to the well for negative selection (no peptide). Aer  minutes this
solution was transferred to the well containing Aβ and incubated there for
another  minutes e well was washed ten times with washing buﬀer, then
binding strands were eluted with  μL  M guanidinium-HCl for  minutes
Aerwards the dissolved  was precipitated as described in section ..,
page  and ampliﬁed with  running the protocol in table . a with ten
cycles.
55
5. Aptamer selection process
5.3. Results and summary
Although a great deal of timewas spent on the development of aptamers against
the receptor , the peptide Aβ or the protein karilysin, unfortunately no
results can be presented here. However, the problems should be discussed and
possible solutions or improvements should be suggested.
e main problem observed during both the selection with magnetic beads,
as well as when the target molecules were immobilised on a solid support
(polystyrene) was the same: aer several rounds of selection (typically between
four to six) only lile  was le in the eluent and therefore the template con-
centrations were low, requiring a large number of  cycles. With an increas-
ing number of cycles, however, the band of the  product became more and
more widened in the gel electrophoresis. is suggests that  strands might
have hybridised randomly in the mixed pool and that those unspeciﬁc products
were ampliﬁed together with the desired sequences. Another problem which
arises in later  rounds is that impurities are oen dragged along with the
 and accumulate over time. An additional problem with Aβ was, that the
peptide seems to inhibit the polymerase.
To overcome these problems a method with beer separation performance
was tried: capillary electrophoresis () was reported to allow aptamer selec-
tions in only a few rounds and a protocol called non- was suggested.
During the non- procedure several selection rounds are made without
ampliﬁcation steps. at means, that binding strands are separated from the
non-binders with non-equilibrium capillary electrophoresis and incubated with
ever lower target concentrations [Berezovski, BerezovskiArt ]. is
technique required advanced instrumentation, but could be automated to a cer-
tain extent. Aer an initial success with good separation it turned out, that
the glycogen used as co-precipitant in the strand separation procedure accu-
mulated in the working solutions and associated with the . e glycogen
impurity migrated also at a similar rate to the target/aptamer complex in the
capillary, thus making a further isolation impossible.
It can be summarised that  has the biggest potential of all tried solutions
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because it oﬀers a beer separation performance and can be semi-automated.
In order to use it, though, other modiﬁcations to the  protocol have to be
made. e strand separation could for instance be improved by using a speciﬁc
nuclease which would digest a properly tagged strand. is method would also
avoid the use of glycogen in the post-processing of this step. Further eﬀorts
could also include the development of a lab-on-chip solution for . is
would reduce sample volume and could be fully automated. e small size of the
device would it make especially interesting for selection of anti-virus aptamers,
because of the limited bench space required in a classiﬁed laboratory and the
possibility of making it disposable.
We decided that the optimisation of one of the tested  protocols would
require much more time than scheduled for the aptamer selection and so retard
the development of the biosensor (which was the primary goal of the thesis).
So the aptamer work was discontinued for this project and we used known
sequences from literature for the proof of concept experiments.
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6.1. Introduction
As already described in section ., page , electrochemical biosensors comprise
a sensing layer usually consisting of biological building blocks such as oligonu-
cleotides or proteins (e. g. antibodies, enzymes, streptavidin). Although there
are many diﬀerent conﬁgurations of biosensors, most of them require the ir-
reversible immobilisation of the biological entity to a substrate or transducing
element.
It was therefore of continuous interest in the past to ﬁnd suitable methods for
tethering biomolecules to surfaces, so it is no wonder that there are a number
of viable solutions to this problem. Since this thesis is entirely about polymeric
devices, the numerous immobilisation methods for silicon or gold-based sub-
strates are intentionally le out. However, some of the procedures described
herein might also be transferable to non-polymeric compounds.
e conducting polymer layer required for the electrochemical sensing is of-
ten polymerised in situ because of the poor solubility of most conductive poly-
mers. To combine the synthesis with the immobilisation, one approach is to
synthesise the polymer in the presence of the biological component and rely
on random entrapment of the biological macromolecule. While being a very
simple technique which does not require any modiﬁcation of the biomolecule,
it certainly has its drawbacks. ere is lile or no possibility to control the ﬁnal
conformation of the molecules and many will be inaccessible to the analyte or
have reduced functionality because of spacial constraints [4].
Not as stable as most covalent bonds, but still frequently used, is the strong
interaction between the protein streptavidin and biotin. e protein is usually
applied to a surface and immobilised by physisorption. e target molecule,
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i. e. the capture probe which is to be immobilised, carries a biotin extension
which then docks to the streptavidin layer. is method does not require
the use of other chemicals and is rather fail-safe. However, harsh environ-
mental conditions (e. g. high/low pH, elevated temperature) can easily cleave
the bond or even denature the protein, rendering it permanently ineﬀective
[Hoogenboom, Binz ].
ere exist a very large number of procedures to link biomolecules to a poly-
mer substrate via strong covalent bonds. An exhaustive review summarising
and comparing many covalent linkers and cleaving strategies for solid phase
organic synthesis was published by Guillier Many of these reactions are
also suitable for immobilisation purposes. Among those, carbodiimide coupling
methods have been used to form amide bonds between diﬀerent substrates and
biomolecules. One prominent advantage of this approach is that the reaction
can be accomplished by utilising functional groups which are naturally avail-
able in proteins: amines or carboxylic acids. Oligonucleotides need to be modi-
ﬁed to obtain either of these moieties. A disadvantage of this kind of reaction is
the lack of selectivity: once a substrate-bound carboxylic acid group is activated
with the carbodiimide, any amine will bind to it. A more speciﬁc possibility is
Huisgen-type click chemistry as has recently been used on a biosensor by Lind
et al. [30]. In this copper catalysed reaction an alkyne forms a stable bond with
an azide. Reaction conditions are mild, but suitable chemical modiﬁcation of
both substrate and biological component are required.
As opposed to these wet-chemical techniques, recently the dry immobilisa-
tion of unmodiﬁed oligonucleotides on diﬀerent polymers based on -induced
crosslinking was reported [Dufva, Kimura, Sabourin ]. e
method is very suitable for  ﬁxation and less expensive than comparable
procedures using non-nucleic acid terminal modiﬁcations as linkers [Sun
]. An example for these techniques was published by Ko and works
with anthraquinone as photo-active agent.
For the work in this thesis, three premises were made regarding the function-
alisation of the electrodes: ﬁrstly, it is important to keep the binding probe close
to the surface. is necessity is owed to the working principle of impedance
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spectroscopy (detailed in section ., page ). e sensitivity is aenuated with
growing distance from the surface, therefore a short linker is preferable. To
allow room for probe-target interaction, however, the linker must not be too
short. e second premise is the versatility of the method, i. e. it should allow
us to use the sensor as a platform where diﬀerent probes can be graed on in
the same fashion according to the particular needs of the respective applica-
tion. irdly, we were limited in the assortment of viable  derivatives
with functional groups ready for further graing steps.
e monomer with the best availability besides plain  was the hydroxy-
methyl derivative  (see section ., page  for further details). Hy-
droxyl moieties are not very reactive compared to other functional groups,
but they have received much aention in the ﬁeld of glycoside synthesis
[Guillier ]. Two methods were found to be promising to fulﬁl the require-
ments mentioned above: phosphoramidite coupling and carbodiimide based re-
actions.
Phosphoramidites are phosphite derivatives with an amino substituent. ey
are most popular in the automated in vitro synthesis of -oligonucleotides
on solid supports [Nurminen ]; but this kind of reactions has also been
used for phosphorylation of sugars via their hydroxyl groups [Cooke,
Hamblin ].
As shown in ﬁgure ., a phosphate linker is formed between the hydroxyl
moiety of the polymer and the molecule to be immobilised during the reaction.
e ﬁrst stage is the substitution of the chloride with the alcohol in presence of
an organic base. N,N -diisopropylethylamine (, Hünig’s base) is suitable
for this task and commonly employed. Coupling of the target molecule (illus-
trated as –) over its hydroxyl group is done in presence of the acidic cata-
lyst H -tetrazole. Since hydrolysis of the phosphoramidite is a competitive re-
action, all reactions have to be carried out in water-free conditions and at ambi-
ent temperature. Suitable solvents are tetrahydrofuran (), dichloromethane
() or acetonitrile. Both  and  dissolve the substrate Topas®, so ace-






















Figure 6.1.: Reaction mechanism of the phosphoramidite mediated immobilisation of a target
molecule R1 to a solid support (grey).
Carbodiimide mediated coupling reactions on the other hand are very com-
mon in glycoside chemistry [Guillier ], but have also been used for immo-
bilisation purposes on solid support [Janolino ]. ese reactions facilitate
formation of an amide bond between a carboxylic acid and a primary amine
group. Since the conductive polymer coating described in chapter , page 
has neither, but only a hydroxymethyl group, it has to be prepared ﬁrst. is
preparation can be done by esteriﬁcation with a dicarboxylic acid. e coupling
agent -ethyl--(-dimethylaminopropyl)carbodiimide () can be used to fa-
cilitate the formation of an ester between the hydroxyl group of the polymer
and succinic acid. e reaction mechanism is analogue with the one described
below for the immobilisation of a bioprobe, but instead of obtaining compound
 (see ﬁgure .), the ester with the hydroxyl moiety of the polymer is formed
(Mar (), p.  [Mar ]).
Having a carboxylic acid available on the polymer and an amino group teth-
ered to the ’-end of the -strand, the probe can be immobilised accord-
ing to the mechanism shown in ﬁgure .. Like in the graing reaction de-
scribed above,  is used for activation of the carboxylic acid group. is
ﬁrst step yields the stable O-acylisourea intermediate () which then reacts
acid catalysed with N -hydroxysuccinimide () to form the ester . is com-
pound is stable and a surface prepared this far can be stored for later func-
tionalisation. e leaving group  is cleaved oﬀ during the nucleophilic
aack of the amine group (aminolysis) and the ﬁnal compound  is formed.
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Figure 6.2.: Reaction mechanism of the EDC-mediated coupling of a target molecule R1 to a
solid support (grey).
-dimethylaminopyridine () can be added to the reaction as a catalyst to
increase the yield. ese carbodiimide reactions can be done in aqueous so-
lutions and at ambient temperature, which makes them favourable over the
phosphoramidite mediated reactions described above.
Aer testing both methods for eﬃciency and viability it was decided to dis-
continue the use of phosphoramidite and focus on the carbodiimide method
instead. Besides diﬃculties in handling, the requirement of using organic sol-
vents would be problematic for experiments involving immobilisation of pro-
teins. In the following sections, experimental conditions and results regarding




In this section the experimental procedures relevant for the current chapter are
described in detail. First, the two immobilisation methods illuminated in the
previous section are presented, then descriptions are given, how the perfor-
mance and speciﬁcity of the reactions was assessed. As a rule, all reactions
were carried out under ambient temperature and atmosphere. All chemicals
were purchased from Sigma-Aldrich (Schnelldorf, Germany).
6.2.1. Phosphoramidite mediated coupling
Phosphoramidites are susceptible to hydrolysis, so both the solvent acetonitrile
and the liquid reagent N,N -diisopropylethylamine () needed to be dried
over  Å molecular sieves prior to use. A  coated Topas® chip was
immersed for minutes in dry acetonitrile containing mMN,N -diisopropyl-
(cyanoethyl)phosphoramidite chloride and  mM . e disc was then
transferred immediately to a solution of  M succinic anhydride and . mM
H -tetrazole in dry acetonitrile. For this last step diﬀerent reaction times were
tested. e longest time ( days) proved to be the most eﬃcient for the reaction
with succinc anhydride.
6.2.2. Carbodiimide catalysed graing
Succinic acid was graed onto surface hydroxyl groups of  to obtain
carboxylic acid groups for further functionalisation steps. Succinic anhydride
was hydrolysed in slightly acidic (pH ) . M -(N -morpholino)ethanesulfonic
acid () buﬀer to give a concentration of  mM. Aer addition of -ethyl--
(-dimethylaminopropyl)carbodiimide () in equimolar amount the polymer
chip was immersed in the solution for  minutes. In some experiments  mM
-dimethylaminopyridine () were added as catalyst to test its inﬂuence
on the reaction yield. Due to its toxicity and the minimal eﬀect on the im-
mobilisation performance, this component was not used any more in the ﬁnal
procedure.
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6.2.3. Carbodiimide mediated immobilisation of 
e surface carboxylic acid groups obtained in the previous step were activated
with  mM  and  mM N -hydroxysuccinimide () in  buﬀer (. M,
pH ) for – minutes. Aer washing with  buﬀer, the  ester was
aminolysed for  h by  buﬀer containing  nM amino terminated .
e surface was then rinsed thoroughly with the binding buﬀer used in the later
experiments. For the work in this thesis this was either Dulbecco’s phosphate
buﬀered saline () or saline sodium citrate buﬀer (). Details about these
biosensor applications can be found in chapter .
6.2.4. Determination of carboxylic acid density with toluidine
blue
e density of carboxylic acid groups on succinylated  surfaces was
determined by staining a conﬁned area (. mm) of the polymer with tolui-
dine blue O () as described recently by LuoPEDOT e polymer ﬁlm
was immersed in an aqueous solution containing . mM  at pH . Non-
speciﬁcally bound dye was rinsed oﬀ with de-ionised water aer  minutes.
Bound was then eluted from the polymerwith  % acetic acid. Dye concen-
tration was determined photospectroscopically by calculation of the area under
the absorption peaks at  nm and  nm and comparison with a calibration
curve.
6.2.5. Immobilisation of fluorescently labelled 
e binding of  to the polymer surface was visualised with a simple hy-
bridisation experiment. A -mer single stranded oligonucleotide probe was
immobilised onto a  ﬁlm as described above. en the polymer was
exposed for  minutes to  nM of another single stranded oligonucleotide
with a sequence complementary to the probe and a ﬂuorescent Cy label in
× buﬀer containing . % Tween® . Bound  was detected with a con-
focal laser scanning microscope (  Pascal, Zeiss, Germany) with HeNe laser
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excitation ( nm) and a  nm low pass ﬁlter. A number of control experi-
ments were carried out to be able to exclude unspeciﬁc binding; some of those
involved an oligonucleotide strand with  mismatching bases and the ﬂuores-
cent tag ﬂuorescein isothiocyanate (). is ﬂuorophore was detected using
Ar-laser excitation at  nm and a  nm long pass ﬁlter. e sequences of
the employed strand are listed later in this thesis (table ., page ), since they
were used for other experiments as well.
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6.3. Results and discussion
is chapter describes two aempts to immobilise biomolecules on poly-
mers. Hydroxyl groups show a relatively low reactivity, but phosphoramidites
have repeatedly been used for coupling reactions on alcohols and are now a
standard reagent for automated  synthesis [Nurminen, Cooke,
Hamblin ]. e other class of reactions relies on the activation of car-
boxylic acid groups by carbodiimides to increase their reactivity towards nu-
cleophilic aacks from hydroxyls or amines [Mar ].
To compare the eﬃciency of both methods  surfaces were coated
with succinic acid (a short dicarboxylic acid) and the density of acid groups
was determined by a method described by LuoPEDOT Aer deciding for
one of the methods, immobilisation of  was tested employing ﬂuorescently
labelled strands.
6.3.1. Toluidine blue O staining
As described in the experimental section on page , succinic acid was graed
onto  using phosphoramidite or  as coupling agents. To deter-
mine the concentration of the dye in the eluent, a series of diﬀerent  so-
lutions with known concentrations were prepared. Absorption of visible light
was measured in the range from  nm to  nm; ﬁgure . shows the ab-
sorption spectra of the concentration series. e spectra have one broad but
distinct peak at  nm and the absorption decreases with concentration as ex-
pected. Ploing the relative peak area against  concentration gave a linear
dependence (see ﬁgure .).
Eluents from experiments on surfaces treated with the diﬀerent chemicals
were measured in the same way and ﬁed onto the calibration curve. From
ﬁgure . it is evident that the  concentration from the -sample was
much higher than that from the phosphoramidite mediated graing.
With the measured concentration c and the two known parameters eluent
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Figure 6.3.: Photospectrometric  absorption spectra in acidic pH. The absorption peak was
measured at 631 nm.
.



















Figure 6.4.: Calibration curve for acid group density calculations. Data points for phospho-
ramidite and  mediated coupling of succinic acid are marked on curve.
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where N is the number of acid groups and NA the Avogadro constant
(. · ). e calculated densities were . ·  sites/cm for the phos-
phoramidite reaction and . ·  sites/cm for the  assisted coupling.
6.3.2. Immobilisation of  to the polymer electrode
 hybridisation was made visible by ﬂuorescently tagged oligonucleotide
strands and investigation with a confocal laser scanning microscope. e mi-
crograph in ﬁgure . was chosen to illustrate both the successful immobilisa-
tion of  on the polymer electrodes as well as a small amount of undesirable
binding of  between two wires. Although the immobilised probe itself had
no ﬂuorescent label, the  was detectable aer hybridisation with the Cy-
tagged complementary strand.
As can be seen in the lower le corner of the image, a small portion of ﬂu-
orescent  was detected between the electrodes. is is most likely due to
incomplete removal of over-oxidised  during the fabrication of the micro-
electrodes. is remainder of the polymer is not conductive any more and will
therefore not disturb the measurements, however, the sensitivity of the device
might be diminished due to target  binding to insensitive surfaces. A solu-
tion for this problemwould be to optimise the fabrication protocol, as discussed
in chapter .
Control experiments using non-functionalised electrodes or the mismatched
strand revealed that neither unspeciﬁc physisorption nor binding of the mis-
matched strand occurred to a signiﬁcant degree. In ﬁgure ., a series of micro-
graphs of the control experiments is shown. e boxed leers in the upper le
corner of each image list the treatments to which the surfaces were subjected
to. e markings read as follows: .A activated with  and , .P immo-
bilised probe strand, and .C hybridised with complementary  (c). An
empty square means that the respective treatment was omied. As can be seen
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in the ﬁgure only the surface with all three treatments, i. e. activation with the
coupling agents, immobilisation of the  probe and hybridisation with c,
showed signiﬁcant ﬂuorescence, while the others show nothing or traces. e
weak signal on some of the surfaces where no ﬂuorescence was expected can
probably be aributed to spilled  from neighbouring spots on the chip.
Figure 6.5.: Fluorescence micrograph of conductive polymer microelectrodes with immobilised
Cy3-tagged . The fluorescence between the wires could have been caused by
 binding to over oxidised .
69
6. Functionalisation of the microelectrodes
500 µm
C P CP A
CA A P CA P
Figure 6.6.: Series of fluorescence micrographs from diﬀerent control experiments. The sym-
bols explain the surface treatments: .A activated with  and , .P immobilised
probe strand, and .C hybridised with complementary . An empty square means




In this chapter diﬀerent methods for immobilisation of biomolecules on poly-
mer surfaces were discussed. Aer a theoretical evaluation of the viable options
two techniques were studied experimentally and compared regarding their ad-
vantages and disadvantages. e experimental results allow the assumption
that -coupling is the superior method for immobilisation over the phos-
phoramidite based reaction. Not only was the density of available immobili-
sation sites markedly higher, the -activation of the surface was also much
faster than the reaction with the phosphoramidite. It should also be mentioned
that carbodiimide chemistry can be done in aqueous solutions, while phosphor-
amidites have to be used in a water-free environment. is limitation would
therefore close the doors to any experiments involving proteins as targets for
binding.
As a proof of concept, a short single-stranded  capture probe was immo-
bilised on the polymer surface and hybridisedwith a ﬂuorescently labelled com-
plementary strand. is experiment showed that the immobilisation of 
was possible with the suggested method and control experiments conﬁrmed
that the binding was covalent and speciﬁc.
Although both methods, phosphoramidite mediated coupling and carbodi-
imide activation of carboxylic acids, are standard methods in diﬀerent ﬁelds,
to the best of the authors knowledge, none have been used for the particular
purpose of graing a bioprobe to a  electrode so far. However, there
are still some weaknesses and further investigations are recommended. One
interesting approach would be the directed application of  to selected parts
of the electrode by ink-jet printing followed by -induced crosslinking. is
would allow to test for diﬀerent analytes in a single channel simultaneously




Detection, identiﬁcation and quantiﬁcation of pathogens and chemical agents
are crucial for water and environmental analysis, clinical diagnosis, food safety,
and biodefence. e existing immunological or nucleic acid technologies are ei-
ther time consuming or require sophisticated equipment and highly trained per-
sonnel, hence increasing the analysis costs. Another limitation of these tech-
niques lies in their nature which only allows the detection of certain types of
analytes.
Ideally, the assays used in a detection system should enable the detection and
quantiﬁcation of a broad range of diﬀerent molecules. Furthermore, these tech-
niques should provide reliable, real time, on-ﬁeld, user-friendly, and inexpen-
sive detection with improved or equivalent sensitivity, speciﬁcity and repro-
ducibility compared to state of the art laboratory equipment. erefore new
assay technologies are continuously emerging, and among these, the biosen-
sor technology is the area with fastest growth [1]. ese biosensors cover a
broad range of detectionmethods and recognitionmechanisms utilising an even
broader range of diﬀerent bioreceptors and physical or chemical transducers.
A brief overview was already given in chapter  at the beginning of this thesis.
Among the technologies described there, label-free biosensors for in situ mea-
surements with high sensitivity and high speciﬁcity are of signiﬁcant interest
for the development of diagnostic devices [2–4].
In the preceding chapters the development of an all-polymer electrochem-
ical biosensor for the detection of analytes using single stranded  probes
was described from the synthesis of the conductive polymer to the covalent at-
tachment of the biomolecules. However, only the involved materials and their
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properties have been studied so far; the actual sensing part of this technology
will therefore be described in this chapter. e biosensor described herein is not
limited to one single purpose, but should rather be seen as a modular platform
capable of adaptation to the detection of diﬀerent analytes. ree model appli-
cations have been tested so far: hybridisation of , detection of antibiotics
using aptamers as probes and detection of inﬂuenza  viruses using diﬀerent
aptamers.
7.1.1. Design of the biosensor
Polymer based microﬂuidic systems meet the requirements of disposable de-
vices for low sample consumption, cost eﬃciency, reliability, and fast response
time, which make the systems ideal for rapid analysis. However, most biosen-
sors for electrochemical detection involve metallic electrodes [5]. To avoid ox-
idation or participation in electrochemical reactions, noble metals such as gold
or platinum are usually employed. ese materials have a number of disadvan-
tages, such as high (and still increasing) market prices or comparably low bio-
compatibility. Apart from that they also require very costly fabrication meth-
ods.
Conductive polymers oﬀer very suitable properties to master the specialised
task of transducing a binding event between an analyte and a biological probe.
ey have been used as an alternative to traditional electrode materials because
of the additional advantageous properties of inexpensive electrode fabrication
and easy electrode functionalisation [6, 7].
Most of these polymers possess a system of conjugated π-bonds which al-
lows them to transport electrons intrinsically. A more thorough discussion of
charge transport mechanisms in electrically conductive polymers is given in
chapter , page  et seq. Because of their excellent compatibility with biolog-
ical samples polypyrrole (y) and poly (,-ethylenedioxythiophene) ()
have repeatedly been used for sensors in biological environment [7–14].
For the sensors described in this study, tosylate doped  was chosen for
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its superior stability in phosphate buﬀers and for its higher conductivity [15–
17].
 can be processed in diﬀerent ways; popular polymerisation methods
are electropolymerisation [9, 15, 18–21] or chemical oxidation polymerisation
in liquid [22–26] as well as in vapour phase [27–29]. Chemical oxidation is
advantageous because it does not require a conductive substrate.
Micropaerning of conductive polymers is regularly done using cleanroom
based photolithographic techniques. However, although such processes are
versatile, they are not well-suited for fabricating inexpensive biosensor plat-
forms due to their costs. An alternative micropaerning procedure was devel-
oped recently at our institute [25, 30]. It is based on contacting  thin
ﬁlms with a micro-structured agarose stamp soaked in a solution of aqueous
hypochlorite and a non-ionic detergent. Where exposed,  was over ox-
idised, i. e. in an irreversibly insulating state, and became more soluble. With
this method it was possible to create micro-structured  for the use as
electrode system in a biosensor.
For the intended impedimetric detection an interdigitated electrode design
was chosen. e individual wires of the array were  μm wide and spaced
 μm apart. Large contact patches allowed the connection to the measuring
equipment. Liquid samples could be directed to the electrodes via a microﬂuidic
channel created during chip assembly.
7.1.2. Sensing of  hybridisation
Sensing of  hybridisation plays an important role in medical diagnostics,
forensics, and food or environmental safety. e strong bond between two com-
plementary  (c) strands relies on the unique Watson-Crick base pair-
ing. is selective formation of stable α-helices due to hydrogen bonds and base
stacking is used in many popular molecular biology techniques such as  am-
pliﬁcation, sequencing, genotyping and microarrays. All these techniques are
routinely used for detection and analysis of . Among those, hybridisation
microarrays have proven to be a valuable tool providing information at genome
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level [31, 32].  microarrays use single stranded  (ss) probes which
are immobilised on the surface of a sensor chip. Usually, arrays consist of short
oligonucleotide probes with diﬀerent sequences, so that multiplex analyses can
be performed.
In current applications the sample  needs to be labelled with ﬂuorescent
tags for detection. is method is quite inconvenient, since samples cannot
be used directly and both chemicals for labelling and detection equipment are
expensive.
As alternative to ﬂuorescent labelling, label-free methods based on electri-
cal detection are an area of growing interest [33]. Among the electrical 
sensing methods electrochemical impedance spectroscopy () is the most of-
ten used technique, as it has proven to be a powerful tool capable of detect-
ing changes at electrode/liquid interfaces [34–37]. Conversely to other electro-
chemical techniques no redox label or other electro-active additives are neces-
sary for detection.
In collaboration with Dorota Kwasny from  Nanotech binding of comple-
mentary  was detected label-free with impedance spectroscopy using the
biosensor described in section .., page . With this sensor we were able to
measure picomolar concentrations of c and found a concentration depen-
dence of the impedance for a broad dynamic range.
7.1.3. Detection of antibiotics
e development of novel detection systems for antibiotics is of particular im-
portance. e emergence of pathogens resistant towards important antibiotics
occurs at alarmingly high rates. Infections with multidrug resistant pathogens
have been reported for a range of potentially lethal pathogens including Staphy-
lococcus aureus [38] andMycobacterium tuberculosis [39], leaving few or no op-
tions for treatment. In the , it is estimated that   persons die every year
from infections with antibiotic resistant microorganisms [40]. Development of
novel antibiotics, however, is aracting lile aention from the pharmaceutical
industry, and for gram-negative pathogens there are few or no late stage clin-
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ical trials of new drugs [41]. Besides their use for treating human infections,
antibiotics are also utilised as growth promoters in agri- and aquaculture [42,
43].
Due to their short generation time, bacteria can quickly evolve resistance
towards all known antibiotics if these are present in sub-lethal concentrations
in the environment [44]. To minimise the development of resistance towards
antibiotics, it is therefore of critical importance to limit both the use and release
of antibiotics into the environment.
Detection of diﬀerent antibiotics, however, is challenging due to the varied
chemical structure of the compounds and the lack of available simple spec-
troscopic or electrochemical assays. Recently, aptamers targeting a range of
antibiotics, including tobramycin [45], kanamycin  [46], ampicillin [47] and
chloramphenicol [48] have been developed. In this thesis, a sensor is presented
which utilises some of these aptamers to detect the corresponding antibiotic.
With this device it was possible to measure picomolar concentrations of the
analyte in buﬀered salt solutions and spiked milk samples.
7.1.4. Virus detection
Inﬂuenza is among the main causes of mortality worldwide, resulting in half a
million deaths yearly. Moreover it causes serious public health and economic
problems. As seen recently, epidemics can spread rapidly around the world
and lead to global productivity losses. As usual in February also in this year
thousands of patients were hospitalised, bringing the clinics to their limits [49].
e costs for controlling and ﬁghting a large scale infection can be enormous.
In  the  alone set aside over $ . billion to ﬁght  [50], while it
had been estimated that a  outbreak in Denmark would cost the Danish
economy approximately  . billion [51].
ere are several inﬂuenza treatments in practice which can reduce severity,
duration and complications of the infection, but they must all be started within
 hours aer onset of ﬁrst symptoms [52]. Current diagnostic methods for the
infection are reverse transcription polymerase chain reaction () or im-
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munoﬂuorescence methods. Both methods require extensive instrumentation
and highly speciﬁc expertise and can therefore mostly be performed only in
centralised laboratories in larger clinics or research centres. To meet this clear
demand for faster and less expensive solutions, we decided to use our biosensor
to detect inﬂuenza  virus in human samples.
e experimental work related to these experiments has been carried out by
Katrine Kiilerich-Pedersen, a fellow Ph.D. student, and Solène Cherré, who is




is section will provide detailed information about the experimental condi-
tions used for testing the three diﬀerent biosensor devices. At ﬁrst the assembly
of the chip will be described, since it is the same process for all three applica-
tions. e following subsections contain information related to the individual
experiments and sensors. As the synthesis of the conducting polymer, the pat-
terning of the microelectrodes and the functionalisation of the wires were de-
scribed in previous chapters already, they will not be repeated here in all detail.
7.2.1. Chip fabrication
e all-polymer microﬂuidic ﬂow system was fabricated from Topas® grade
 polymer (Tg at ℃,  Advanced Polymers GmbH, Germany) using a
bilayer composite of tosylate doped poly (,-ethylenedioxythiophene) ()
and its hydroxymethyl derivative  conducting polymer as electrodes.
Both the top and the boom part of the chip were made by injection mould-
ing. e injection moulding machine (Engel Victory / Tech, hydraulic ver-
sion, Engel Austria GmbH, Austria) was fed with Topas® pellets. e heated
polymer was injected into the mould with a temperature of ℃. Aer that,
the mould was cooled down to a temperature of ℃, and the tool was opened
releasing the ﬁnished polymer part.
e ﬂat Topas® substrate was covered with conductive thin ﬁlms of 
or  respectively by spin coating the reaction solution containing the
monomer followed by thermal activation according to the procedure described
in section .., page .
e fabrication of interdigitated microelectrodes by agarose stamping was
described in detail in section .. on page . For the experiments here, typi-
cally a solution containing  % – . % sodium hypochlorite in water with . %
of the surfactant Triton™ - and a stamping time of  to  s were used.
e two parts of the chip, i. e. the ﬂat Topas® disc with the microelectrodes
and an injection moulded Topas® cover disc with Luer connectors for simple







Figure 7.1.: Schematic drawing of the assembled microfluidic chip with interdigitated 
electrodes. The drawing is not to scale.
bled with a  μm thick sheet of transfer adhesive (ARcare , Adhesive
Research Ireland); a schematic drawing of the chip is presented in ﬁgure ..
Cavities were cut into the tape by laser ablation to create microﬂuidic channels.
To ensure homogeneous and tight sealing around the channels, the assembled
discs were pressed with a force of  N at a bonding temperature of ℃ for
 minutes. e pressure was released aer the chip had cooled down to ℃.
is chip could then be functionalised with aptamers or  hybridisation
probes according to the protocol given in section .. on page .
7.2.2. Sensing of  hybridisation
e aim of this experiment was to detect speciﬁc  hybridisation with
impedance spectroscopy. Short, single stranded oligonucleotides with the se-
quence marked probe in table . were therefore immobilised on the polymer
electrode.
e sensing performance of the device was tested by incubation of the func-
tionalised electrodes with the target strand (sequence complementary to the




Table 7.1.: -sequences used in our experiments with their respective modifications or flu-
orescent labels. Mismatch bases are printed in red colour. The oligonucleotides
were synthesised by -Technology (Risskov, Denmark) and Eurofins (Kraainem,
Belgium).
Name Sequence
Probe 50 TCC ACT ATG GCC TCC ACC AT 30–NH2
Target 50 ATG GTG GAG GCC ATA GTG GA 30–Cy
Mismatch 50 ATG CTG GAT GCC GTA GTG GA 30– FITC
Hybridisation was done with  nM  in ×  buﬀer (saline sodium cit-
rate, pH ) with . % Tween®  for  minutes at room temperature. For the
determination of the concentration dependence, hybridisation buﬀer contain-
ing increasing concentrations of  was ﬁlled into the channels. Aer the
impedance signal had stabilised, the next higher concentration was injected.
Both testing strands were labelled with a diﬀerent ﬂuorophore (see table .)
which was used to asses the immobilisation speciﬁcity of the probe and to mon-
itor possible unspeciﬁc binding of  to electrodes or substrate. Fluorescence
of ﬂuorescein isothiocyanate () and the cyanine Cy label was measured
with a confocal laser scanning microscope (  Pascal, Zeiss, Germany) with
Ar- ( nm) or HeNe-laser ( nm) excitation and a  nm or  nm long
pass ﬁlter, respectively.
For electrochemical impedance spectroscopy two diﬀerent instruments were
used: A VersaStat  (Princeton Applied Research, ) was used for single fre-
quency scans at  mHz; all experiments involving only one concentration
were carried out with this instrument. e measurement of the concentration
dependence was done using a Zahner  potentiostat (Zahner Elektrik, Ger-
many). Wide spectrum sweeps in a frequency range from  kHz to  mHz
(logarithmic scale with ten points per decade for frequencies <  Hz and four




In this study we used short high-aﬃnity aptamers against kanamycin  and
ampicillin presented by Song et al. in  and , respectively [46, 47]. e
 aptamers were synthesised by Integrated  Technologies (Denmark) as
 puriﬁed and lyophilised ss functionalised with a 0-amino modiﬁed C6
linker. eir sequences from 0 to 0 are listed in table ..
Table 7.2.:  aptamer sequences used in our experiments for the detection of antibiotics. The
strands were synthesised by Integrated  Technologies (Denmark).
Target Aptamer sequence
Ampicillin 50 GCG GGC GGT TGT ATA GCG G 30
Kanamycin  50 TGG GGG TTG AGG CTA AGC CGA 30
Electrochemical impedance spectroscopy () was conducted on chips with
and without immobilised aptamers. A potentiostat with integrated frequency
generator (Zahner , Zahner Elektrik GmbH, Germany) was connected to
the electrodes by spring-loaded (pogo pin) contacts and the impedance of the
system was measured with wide spectrum sweeps in a frequency range from
 kHz to  mHz (logarithmic scale with ten points per decade for frequen-
cies <  Hz and four points per decade for frequencies >  Hz). Aer the
baseline was recorded, the target was added in increasing concentrations and
the change of the impedance signal monitored.
7.2.4. Detection of influenza  virus
Like for the antibiotics sensors described above a previously published aptamer
sequence was used for this study [53]. e -mer  aptamer  with the
sequence 0              
         0 (-Technology, Denmark) binds
speciﬁcally to inﬂuenza  virus and was further functionalised with an amino-
terminated C linker at the 0 terminus. e virus used was inﬂuenza  (,




e biosensor chips were prepared as described above and inﬂuenza  virus
in diﬀerent concentrations and media was detected using . Spectra in the
frequency range from . Hz to  kHz were recorded every  s with an am-
plitude of  mV. For later analysis only the values obtained at  mHz were
used, since the highest signal-to-noise ratio was obtained there. e dynamic
range of the sensor was measured by ﬁrst recording a baseline in  until the
signal stabilised and then adding increasing concentrations of the virus ( –
 pfu/mL) in the same medium every  minutes. Measurements in saliva
were done by recording a baseline with diluted (:) and heat-sterilised saliva
in  and introducing spiked samples aer one hour. e sample consisted
of non-sterilised saliva which was diluted : in  and contained inﬂuenza
virus  at a concentration of  pfu/mL. Control measurements were donewith
the same samples, but no added virus.
For atomic force microscopy  Topas® discs with paerned microelec-
trodes but withour the channel system and the lid were functionalised with ap-
tamer  like before and incubated with  containing  pfu/mL inﬂuenza
 virus for  minutes. Unspeciﬁcally aached virus particles were removed by
washing the chip three times with . Aerwards the viruses were ﬁxed with
. % glutaraldehyde in  for  minutes at room temperature and washed
with  for  minutes at ℃. Increasing concentrations of ethanol ( – %)
were used to dehydrate the samples.  images were then recorded with a
 (Park Systems, South Korea) in tapping mode at normal environmental
conditions.
82
7.3. Results and discussion
7.3. Results and discussion
In this section the results from experiments with the all-polymer biosensor will
be presented. In the ﬁrst experiments, the hybridisation of complementary 
strands was detected with high sensitivity using electrochemical impedance
spectroscopy (). For the second experimentation round the same sensor was
equipped with aptamers against two structurally diﬀerent antibiotics, ampi-
cillin and kanamycin , which were then detected in very low concentration in
a buﬀered solution as well as in a spikedmilk sample. e last experiments used
the same setup with diﬀerent aptamers to detect inﬂuenza  viruses in saliva.
e virus particles caught by the immobilised aptamers were also visualised
using atomic force microscopy ().
7.3.1. Sensing of  hybridisation
Detection of fluorescently tagged 
 hybridisation was made visible by using ﬂuorescently tagged oligonu-
cleotide strands and investigation with a confocal laser scanning microscope.
e data presented in section .., page  show both the successful immo-
bilisation of  on the polymer electrodes as well as a small amount of un-
desirable binding of  between two wires. Although the immobilised probe
itself had no ﬂuorescent label, the  was detectable aer hybridisation with
the Cy-tagged complementary strand. Control experiments using the mis-
match strand or non-functionalised electrodes revealed that neither unspeciﬁc
physisorption nor binding of the mismatch strand occurred to a signiﬁcant de-
gree.
Electrochemical sensing of hybridisation
In a number of studies involving sensing of  hybridisation via electrochem-
ical impedance spectroscopy electro-active reactants such as the redox pair
ferro-/ferricyanide ([Fe(CN6)]-/-) are added for detection [34–37]. In those ex-
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Figure 7.2.: Nyquist plot of two impedance spectra before ( ) and aer (N) injection of com-
plementary . The inset shows the high frequency part of the spectra in detail.
negatively charged [Fe(CN6)]-/- ions due to the likewise anionic  on the
surface, resulting in an increased charge transfer resistance. In an impedance
spectrum – displayed as Nyquist plot – this leads to an increase of the diam-
eter of the characteristic semicircle. Contrary to those results, we observed
that in our experiments the impedance decreased aer addition of complemen-
tary . As is evident from ﬁgure . the real component of the complex
impedance signal was shied to lower values in the entire frequency range as
a result of hybridisation, while the imaginary component only changed in the
high frequency part of the spectrum.
To understand these ﬁndings, we suggest a model as illustrated in ﬁgure .:
aer immobilisation the single stranded  chains cover most of the elec-
trode surface, thus reducing the area available for charge transfer. When the
immobilised  hybridises with complementary strands, α-helices are formed,
which require less space and therefore expose more of the electrode surface. It
is reasonable to suppose that this eﬀect could cause a reduction of the charge
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Figure 7.3.: Schematic drawing of the possible surface model suggesting a reduced charge
transfer resistance caused by conformational changes of the immobilised  due
to hybridisation.
transfer resistance and might therefore lead to the decrease of the absolute
impedance as observed in the spectra.
e model was also corroborated by the comparison of impedance measured
before and aer immobilisation of the  probe (see ﬁgure .). Without the
 probe the surface of the electrodes could interact with ions from the so-
lution, thus the impedance was lower. e immobilisation of probes created
an insulating layer, blocking the surface as described above. e addition of
a strand with three mismatching bases did not aﬀect the signal signiﬁcantly,
while c reduced it markedly. is proves the speciﬁcity of the biosensor.
e detection limits of the sensor were assessed by recording impedance
spectra continuouslywhile changing the  concentration in the channel aer
the signal stabilised. Starting at a concentration as low as  pM and increas-
ing it logarithmically until  μM, we were able to obtain the calibration curve
presented in ﬁgure .. e ﬁrst concentration ( pM) was already enough
to cause a statistically signiﬁcant (p = .) impedance decrease. Increasing the
concentration led to a fairly linear decrease of impedance in the logarithmic
plot. e highest concentration tested ( μM) did not result in a further signal



























Figure 7.4.: Comparison of impedance values measured at 501 mHz with succinylated elec-
trodes, with immobilised  probe, aer addition of mismatch strand and aer
hybridisation with complementary . Error bars show standard deviation.
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Figure 7.5.: Impedance values measured at 356 mHz for a concentration series from 100 pM to
1 μM complementary . The first value represents the impedance level before
addition of . Error bars show standard deviation.
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7.3.2. Detection of antibiotics
Impedimetric characterisation of the aptasensor
It was already shown in section .. that the presented biosensor was capa-
ble of detecting minute amounts of  strands binding to their counterparts
immobilised on the surface of the electrodes. It was suggested that the confor-
mational change caused by these binding events is responsible for the observed
signal change. In this study we show that the above described all-polymer
biosensor can also be used as a sensitive and selective platform for detection
of diﬀerent antibiotics. We have chosen already published aptamers against
kanamycin  and ampicillin as biological recognition entities for our experi-
ments [46, 47].
e immobilisation of the aptamers alone provoked an increase in the
impedance as was expected due to the increased charge transfer resistance at
the electrode/liquid interface. Binding of the target molecules to the corre-
sponding aptamer caused a further increase in the impedance measured at fre-
quencies below  Hz. A logarithmic correlation of analyte concentration and
impedance response was found for a broad dynamic range and both analytes.
In the following the individual aptasensors will be discussed in more detail.
Analyte concentrations starting from  pM were tested with the ampicillin-
aptamer. Figure . shows the relative change of absolute impedance with in-
creasing analyte concentrations. e ﬁrst statistically signiﬁcant (p < .) sig-
nal was observed at  pM. Further increase of analyte concentration showed
a fairly linear dependence in the logarithmic plot.
As described in section .., page , the paerning of the chips was subject
to uncertainties which resulted in variation in the width of the electrodes in
the range of several micrometers. It was found that there was a very good
correlation between impedance change and wire size (see ﬁgure ., page ),
so that a beer reproducibility can be expected from electrodes fabricated with
higher accuracy. ese results are also in accordance with the conductivity loss
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Figure 7.6.: A typical impedance response for increasing concentrations of ampicillin or
kanamycin, respectively. The empty symbol illustrates the measured baseline level
before the first injection. The green triangle represents the obtained impedance
change in the case of 500 pmol/L ampicillin in milk sample. The error bars show
the average of the signal noise.
With a dissociation constant of kD = . nM the kanamycin  aptamer es-
tablishes a weaker bond to its target than the ampicillin aptamer (kD = . nM)
[46, 47]. It is therefore likely that an aptasensor based on this probe would
be less sensitive. As shown in ﬁgure . our ﬁndings verify this presumption.
Typically a concentration of  nM was necessary to obtain a statistically sig-
niﬁcant increase (p < .) of the impedance modulus. Lower concentrations,
starting from  pM, caused lile or no eﬀect on the signal. We believe that the
relatively low limit of detection () and wide dynamic range of the biosensor
is also due to speciﬁc device properties and not exclusively related to aﬃnity
of the probes used in this study. In addition, sensors and assays for ochratoxin
 () have shown that using the same aptamer in diﬀerent assays and sen-
sors can result in over a -fold diﬀerence in  [54]. e lower detection
limit found with the ampicillin aptamer indicates that a high aﬃnity for target
compounds will facilitate higher device sensitivity.
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Figure 7.7.: Correlation of impedance response and wire width based on measurements per-
formed on three diﬀerent chips using 1 μM ampicillin and electrodes functionalised
with the anti-ampicillin aptamer.
Control experiments, where the antibiotics were reacted with mismatching
aptamers, gave no changes in the impedance signal compared to the baseline.
Aer that, injecting the matching antibiotics into the biosensor resulted in the
expected increase of impedance. is shows that the immobilisation of the ap-
tamers on the electrodes did not aﬀect the selectivity of the aptamers towards
their targets.
With the described experimental setup (see section ..) it was possible
to obtain one full impedance spectrum in : min. Figure . shows the
impedance data at a single frequency ( mHz) which were taken from the
full spectra. As can be seen in the graph, the impedance change occurs within
the sampling time, i. e. within : minutes and stabilises at a new level. We
have also conducted impedance measurements at a single frequency, where the
instrument-determined minimum sampling time was ca.  s (data not shown),























Figure 7.8.: Increase of impedance at a frequency of 356 mHz is shown aer addition of the
analyte in diﬀerent concentrations.
tion rate of the target-aptamer complex formation. However, this shows that
the analysis time is reasonably short for a number of real-life applications.
 regulation no. / (as amendment to regulation no. /) lays down
a maximum residue limit () for ampicillin of  μg/L in milk, which is equiva-
lent to a concentration of . nM. Our experiments shown above proved that
we were able to detect much lower concentrations of ampicillin in buﬀer so-
lution. In order to prove the reliability of the sensor detecting analytes in real
samples, a  % solution of ultra-high temperature treated () low fat milk in
 containing  mMMgCl2 was prepared and spiked with  pM ampicillin.
Impedance spectra were measured as before. In these experiments we were
able to measure a relative increase of impedance of . ± % (the value was
inserted in ﬁgure . for comparison with measurements in buﬀer solution).
ese data are well in accordance with the concentration dependence reported
above. We can therefore claim that our sensor is capable of reproducibly de-
tecting an ampicillin concentration in milk that is far below the  set by the
.
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Equivalent circuit modelling of the  results
An equivalent circuit model ﬁing the electrical properties of the sensor is
shown in ﬁgure .. is model was used to simulate impedance spectra while
changing certain parameters to understand the eﬀects observed in our experi-
ments; it satisfactorily ﬁts the experimental data over the measured frequency
range.
In the model, R1 is the intrinsic resistance of the electrodes. e parallel re-
sistance (R2) and the constant phase element (CPE1) with coeﬃcients P1 and n1
represent the electrode-solution interface, where R2 is the charge transfer resis-
tance and CPE1 the electrical double layer on the surface. e following War-
burg impedance (W1) indicates the diﬀusion limited electrochemical processes
speciﬁed by the coeﬃcientAw1. e impedance spectrum includes a semicircle
portion at high frequencies corresponding to bulk solution resistance (R3) and
the geometrical capacitance (C1) of the interdigitated electrodes. Finally, the
capacitance C2 is the limiting capacitance, which reﬂects the limited solid state
diﬀusion of charges inside the conducting polymer.
e intrinsic resistance of the electrode (R1), the solution resistance (R3)
and electrode geometrical capacitance (C1) are not changing during the
aptamer-target binding process. e Warburg coeﬃcient (Aw1) represents the
impedance due to the diﬀusion of charges to and from the electrode surface.
e temperature and the viscosity of the solution were constant during the
binding process, however, conformational changes and rearrangements of the
surface bound aptamers during complex formation are likely to alter the elec-
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Figure 7.10.: Nyquist plots from impedance spectra before ( ) and aer (N) addition of
kanamycin . In the low frequency region (right side) of the spectra a clear shi
towards higher resistance is visible. The solid red line represents a simulated spec-
trum based on the fiing parameters from table 7.3. The curve is calculated from
the values aer analyte addition.
of the electrode surface can inﬂict changes to the electrolytic double layer at the
electrode/electrolyte interface with its non-ideal capacitance (reﬂected as the
constant phase element CPE1) and the reaction rate of the transfer of charges
between electrode and electrolyte (expressed as the charge transfer resistance
R2). Both factors are dependent on the change of the ionic concentration near
the electrode surface, which is inﬂuenced by the binding event of an analyte
molecule to an immobilised aptamer. We can therefore assume that both
the constant phase element, the charge transfer resistance and the Warburg
element will be the most interesting parameters for investigations of target
binding to surface-bound probes. e surface coverage with aptamers could
have an inﬂuence on the sensitivity of such a device as described here, but the
size of the antibiotics is much less than that of the aptamers, therefore it is not
likely that steric hindrance would aﬀect the results.
Impedance spectra recorded at diﬀerent stages of the experiment were ﬁed
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Table 7.3.: Comparison of parameters corresponding to elements in the equivalent circuit
model fied to the spectra shown in figure 7.10.
Parameter Aptamer only (error/%) Kanamycin (error/%) Unit
C1 . · − (.) . · − (.) F
C2 . · − (.) . · − (.) F
R1 . ·  (.) . ·  (.) Ω
R2 . ·  (.) . ·  (.) Ω
R3 . ·  (.) . ·  (.) Ω
Aw1 . ·  (.) . ·  (.) Ω/ps
P1 . · − (.) . · − (.) 1/Ω
n1 . (.) . (.) –
with the “ spectrum analyser” soware. An example of the ﬁed curves
is shown together with two measured spectra represented as a Nyquist plot in
ﬁgure .. e curve was calculated from parameters which were ﬁed to the
impedance data obtained from the kanamycin aptasensor aer the analyte was
added. e result indicates a good agreementwith themeasured data, especially
in the lower frequency range.
A comparison of parameters obtained from ﬁing the model to the data
recorded before analyte addition and aer injection of kanamycin  at a con-
centration of  mM is made in table .. As expected, only slight changes were
observed for the capacitances C1 and C2 as well as the material or solution re-
lated resistances R1 and R3. Elements describing the electrode/liquid interface
experienced a larger change. e strongest deviation from the original value
was found for the Warburg coeﬃcient Aw1.
7.3.3. Virus detection
As seen in the previous experiments with the antibiotics, the biosensor can
detect minute changes in the vicinity of the electrode surface. It is a fair as-
sumption to suggest that a larger target will have a stronger eﬀect on the mea-
sured impedance, because it causes a greater disruption of the electrochemical
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Figure 7.11.: Concentration dependent impedance response for virus detection. The sensor
shows a broad dynamic range and it was possible to detect down to 2 plaque-
forming units in a sample of approx. 200 μL. Error bars show the deviation between
three diﬀerent chips. These deviations are in line with deviations of wire widths
for these chips.
environment near the electrodes. Figure . shows the broad dynamic range
of the sensor from  –  plaque forming units/mL. e highest tested con-
centration caused an increase in the impedance signal of almost  % and thus
corroborates the hypothesis that a larger target will give a more distinct signal.
e lowest tested concentration was  pfu/mL, which corresponds to approx-
imately  pfu/sample, since the microﬂuidic channel can hold a volume of less
than  μL. is means that the detection limit is clearly low enough for prac-
tical purposes. e broad dynamic range can be a useful feature, but very oen
no information about the pathogen concentration is required for the diagnosis
and a simple yes/no answer is suﬃcient. e seemingly strong deviations visu-
alised as error bars stem from the diﬀerent wire widths of the tested chips. As
shown above, the diﬀerences in width could be directly correlated to the signal
deviations (data not shown).
To test the usability of the biosensor in a realistic environment saliva was
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Figure 7.12.: Impedance detection in a spiked saliva sample. It was possible to detect
103 pfu/mL influenza  virus in a saliva sample. The outliers at minute 8 origi-
nate from the disturbance caused by sample injection.
diluted : in  and spiked with  pfu/mL inﬂuenza  virus. is con-
centration is, bearing in mind the dilution, on the lower end of typical virus
loads found in saliva of infected patients. Figure . shows a distinct increase
in the measured impedance aer the injection of the sample. e control ex-
periment (only saliva) remained unchanged, considering the slightly skewed
baseline. e injection of the sample at minute  in this graph naturally caused
a big disturbance in the system, hence the observed outliers. With the detec-
tion performance shown here this sensor is a viable alternative to conventional
methods. Apart from requiring less expertise in handling the device and being
less expensive, this sensor should have the capability to discriminate between
viable and non-viable virus units, a feature  cannot deliver.
e size of the inﬂuenza  virus (ca.  nm) allowed us to record  im-
ages of the successfully immobilised particles on the surface of the polymer
electrodes. Figure . a shows the small spherical objects scaered on the
electrode surface which was previously functionalised with the  aptamer,
while there are no particles on the electrode in ﬁgure . b, where no probes
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(a) Sample with immobilised aptamer:
virus particles captured by the
probes.
(b) Sample without immobilised ap-
tamer: no virus particles captured by
the probes.
Figure 7.13.:  images of stamped microwires with (a) andwithout (b) immobilised
aptamers and aer incubation with 105 pfu/mL influenza  virus in .
were immobilised. e small, irregular indentations visible on both samples in
the high resolution images could originate from the glutaraldehyde treatment
used to ﬁx the bound viruses.
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In this chapter three diﬀerent applications for the all-polymer biosensor devel-
oped during this PhD project were presented. ey all have in common that,
given some further optimisations, they could replace, or at least compete with,
today’s state of the art equipment in terms of sensitivity and speciﬁcity.
With the  hybridisation sensor it was possible to detect picomolar con-
centrations of complementary , while strands with three mismatching
bases did not show any eﬀect. In contrast to most other published biosensors
of this kind no markers had to be aached to analytes or probes and no electro-
active additives were required. Future work on this particular sensor could
involve the introduction of additional probes to enable multiplex detection of a
large number of diﬀerent  sequences in parallel. A manuscript containing
the results presented here is currently in preparation andwill soon be submied
to a scientiﬁc journal.
e second sensor application involved aptamers as recognition elements.
ese  sequences were selected for high aﬃnity and selectivity towards the
two antibiotics ampicillin and kanamycin . Both systems proved to be very
eﬀective and concentrations in the sub-nanomolar range could be measured.
Using the anti-ampicillin aptamer it was also possible to detect the antibiotic
in a milk sample at a concentration far below the maximum residue limit in
the . eoretical simulations gave an insight into a possible surface model
explaining the observed phenomena. e model suggested that larger targets
might enhance the impedance signal and thus allow higher sensitivity.
is hypothesis was conﬁrmed by the third biosensor system. Again, an
aptamer was immobilised onto the electrode surface. is aptamer, however,
showed high aﬃnity towards a surface protein of the inﬂuenza  () virus.
e biosensorwas used to detect a broad dynamic range of  –  plaque form-
ing units/mL, which corresponds to a lower detection limit of only  pfu/sample.
e system was also tested with spiked saliva samples where it was possible
to detect clinically relevant concentrations of the virus. As mentioned before,
multiplexing would be a desirable future goal also for this sensor type.
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7.4. Conclusion
An article about the successful detection of antibiotics with this sensor was
recently published in Biosensors & Bioelectronics [55]. Another manuscript
containing the results from the virus experiments is currently in preparation.
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8. General conclusion
is thesis described the development of an all-polymer biosensor from the
synthesis of the monomer to formation of a conductive polymer layer, over
the paerning and characterisation of this layer, the selection of aptamers, the
chemical immobilisation of these bioprobes onto the polymer all the way to the
application of the sensor in three diﬀerent seings.
e path towards this goal was oen stony and some detours or even full
turnabouts were inevitable. e synthesis of the monomer as described at
length in chapter  for instance turned out rather unsuccessful and also the
selection of aptamers had to be discontinued aer several failed aempts. How-
ever, these setbacks did not jeopardise the overall success of the project. e
monomer from the failed synthesis became commercially available and the ap-
tamers were replaced by available sequences. While testing the diﬀerent se-
lection methods we also came to the conclusion that capillary electrophoresis
is probably the most promising approach for future experiments. Plans were
made to create a microﬂuidic device which integrates this technique and allows
semi-automatic selection of anti-virus aptamers.
e thorough characterisation of spin coated tosylate doped  thin ﬁlms
revealed that, unlike some other  formulations, the tosylate doped poly-
mer does not show improved conductive behaviour aer diﬀerent heat treat-
ments. e investigation of the micropaerning by agarose stamping provided
new insights into the parameters governing the process. It was found that pro-
longed exposure causes the conductivity of stamped wires to diminish, while
their physical shape and size remains mostly intact. We learned further that
the stamping is not suitable for any large scale applications. Even if we had an
automated stamping robot to ensure constant and even pressure on the gel, we
could not overcome the fast degradation of the agarose. e necessity for spin
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coating prior to stamping renders the entire process quite uneconomic and only
allows a low throughput. For future large scale production of a ﬁnalised chip,
other fabrication methods should therefore be considered. ere exist several
roll-to-roll methods, which are already used in the production of polymer solar
cells. Other alternatives might also be two component injection moulding or
ink-jet printing.
Aer the fabrication of the microelectrodes was accomplished, the possi-
bilities for their functionalisation were studied. Aer an initial selection two
promising candidates were chosen and compared. Carbodiimide catalysed cou-
pling performed in general beer than phosphoramidite mediated reactions.
Carbodiimide reactions are alsomore ﬂexible since they are done in aqueous so-
lutions, while phosphoramidites can only be used in anhydrous environments.
Bearing in mind faster production methods, the functionalisation technique
should be reconsidered, however. e need for hydroxyl or carboxylic acid
groups for the graing adds complications to the production or calls for com-
promises. A highly interesting method for future applications would be direct
-crosslinking of certain repetitive  sequences onto a polymer. e main
advantages of this process are that it can be performed in nearly dry condi-
tions and that it is relatively fast. It could therefore easily be integrated into a
high-throughput work ﬂow.
e last phase of the project was the testing of the device. ree diﬀerent
analytical experiments were designed for the sensor:  hybridisation, de-
tection of antibiotics with aptamer probes and detection of inﬂuenza  virus
using another aptamer probe. In all three seings the sensor showed an ex-
traordinary performance, being able to speciﬁcally detect picomolar amounts
of analytes or single virus particles, respectively.
However, the device can certainly be improved in many aspects. Apart from
the issues with the fabrication mentioned above, the electrode material 
reacts very sensitive to many environmental factors such as temperature or
pH. e easiest way to overcome this would perhaps be the introduction of
a third electrode into the existing system, thus allowing diﬀerential measure-
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ments where only the signal change caused by the interaction of the analyte
with the probe would be registered.
In summary it can be said that a novel biosensor platform based on electro-
chemical impedimetric sensing was developed. ree prototypes of specialised
sensors were tested and they performed very well under laboratory conditions.
Together with the mentioned improvements and a suitable manufacturing so-
lution this system has the potential for several marketable applications in the
health care sector as well as for environmental monitoring or food safety.
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5Conductive Polymers in Medical 
Diagnostics
Johannes Daprà,1 Katrine Kiilerich-Pedersen,1 Nikolaj 
Ormstrup Christiansen,1 Claus Riber Poulsen1 and
Noemi Rozlosnik1,*
INTRODUCTION
The demand is growing in the fi eld of medical diagnostics for cost effi cient 
and disposable devices, which demonstrate high sensitivity, reliability and 
simplicity. Lately, biosensors—in particular conducting polymer-based 
electrochemical sensors—have demonstrated numerous advantages in 
areas related to human health, such as diagnosis of infectious disease, 
genetic mutations, drug discovery, forensics, and food technology, due to 
their simplicity and high sensitivity. 
The major processes involved in any biosensor system are analyte 
recognition, signal transduction, and readout. Due to their specifi city, 
speed, portability, and low cost, biosensors offer exciting opportunities 
for numerous decentralized clinical applications—point of care systems.
The ongoing trend in biomedicine is to go smaller. For almost a decade, 
the buzz word has been nano, and the analytical micro devices are now 
appearing in the clinic. The progress within microfl uidic technologies has 
enabled miniaturization of biomedical systems and biosensors. The down-
scaling has several advantages: refi ned control of fl uidics, low sample 
consumption, applicability to point of care, and low cost.
1Department of Micro- and Nanotechnology, Technical University of Denmark, Denmark.
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Point of care is an emerging fi eld within medical diagnostics and 
disease monitoring, and eventually disease control. Employing specially 
designed micro systems, a patient can be monitored continuously at the 
bed side, and save precious time on commuting between home, doctor 
and hospital. The technological advancements in the biosensor technology 
within recent years have accelerated the R&D in point of care devices.
Cost benefi t is always an important factor in development of novel 
medical devices. To reduce the expenses of biosensors, the use of noble 
metals and cleanroom processing should be kept at a minimum. Therefore, 
we predict a shift in the usage of gold and platinum to degradable polymer 
materials. Polymer based microfl uidic devices meet the requirements 
of low cost and mass production, and they are suitable for biosensor 
applications. One of the most promising conductive polymers is poly(3,4-
ethylenedioxythiophene) (PEDOT) and its derivatives due to their 
attractive properties: high stability, high conductivity (up to 400–600 S/
cm) and high transparency. 
This chapter will look further into the advantages and applications 
of all-polymer microfl uidic devices for biomedical diagnostics and 
compare with traditional systems. In many biosensor applications, only 
one analyte is of interest, and preferentially it should be isolated from 
an inhomogeneous patient sample. Section 2 provides the reader with 
an overview of the different novel microfl uidic separation techniques in 
polymeric devices.
 Different detection methods are applied in biosensors, some of 
the promising techniques will be summarized in Section 3. Conductive 
polymers—primarily PEDOT—are the focus of Section 4. They have 
many excellent properties and in fact, they can compete with gold in 
many applications. The focus of Section 5 is sensitivity and specifi city of 
biosensors. High sensitivity and specifi city is crucial and can be achieved 
by functionalization with different molecules. The section will primarily 
focus on the use of aptamers which is favourable above antibodies. Finally, 
Section 6 gives an overview of the current status in biosensor development 
while focusing on ongoing research.
NOVEL MICROFLUIDIC SEPARATION TECHNIQUES FOR 
SAMPLE PREPARATION
The progress in micro fabrication and lab-on-a-chip technologies is a major 
fi eld for development of new approaches to bioanalytics and cell biology. 
Microfl uidics has proven successful for cell and particle handling, and the 
interest in micro devices for separation of particles or cells has increased 
signifi cantly (Giddings 1993, Nolan & Sklar 1998, Toner & Irimia 2005).
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Biological samples comprise a heterogeneous population of cells or 
particles, which is inconvenient for many biomedical applications, where 
the objective of study is often just one species. For example, the isolation 
of CD4+ T-lymphocytes from whole blood is essential to diagnoze human 
immunodefi ciency virus (HIV) (Kuntaegowdanahalli et al. 2009), the 
isolation of leukocytes is important in drug screening assays, and the 
isolation of specifi c micro particles from blood plasma is critical for our 
understanding of infl ammatory diseases. Thus, separation of cells or 
particles has a wide range of applications within different areas of medicine 
such as diagnostics, therapeutics, drug discovery, and personalized 
medicine (Gossett et al. 2010).
Flow cytometry has remained the preferred method for cell sorting 
by many biologists because the technique is well established and has both 
high sensitivity and high throughput. Recently, fl uorescence based sorting 
of cells and particles has also been implemented in microfl uidic devices.
The microfl uidic separation techniques are broadly classifi ed as being 
either passive or active, depending on the operating principles (Table 5.1). 
Active separation of particles requires an external force (i.e., electrical 
power, mechanical pressure or magnetic force), whereas passive separation 
techniques rely on channel geometry and inherent hydrodynamic forces 
for functionality (i.e., pillars, pressure fi eld gradient or hydrodynamic 
force). The following section will introduce a couple of novel separation 
principles with application in biomedical sensors. For further reading 
on continuous separation of particles, see review papers by Lenshof and 
Laurell (2010), Gossett et al. (2010), and Bhagat et al. (2010). 
Table 5 . 1: Active and passive separation technique with application in biomedical 
sensors.
Method Mechanism
Active Acoustophoresis Acoustic waves
Optical tweezers Optical
Dielectrophoresis Electric fi eld
Passive Obstacles Laminar fl ow
Induced lift Inertial force
Active Separation Techniques
Acoustophoresis
Acoustophoresis is the separation of particles using high intensity sound 
waves. In a microfl uidic system, particles with an induced acoustic 
standing wave will experience a force towards a node or anti node 
dependent on their physical properties (Lenshof and Laurell 2010). If two 
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particles suspended in a fl uid have opposite acoustic contrast, a separation 
will occur gathering one at node and the other at anti-node. Generally, 
rigid particles will have a negative phase and move toward the node, 
whereas air bubbles and lipid vesicles gather at the anti-node (Lenshof 
and Laurell 2010). After separation, the properties of the laminar fl ow in 
the microfl uidic channel ensure that particles remain at their position in 
the channel, hence they can be collected separately with a fl ow splitter.
Both particles with opposite and similar acoustic contrast can be 
separated using this technique. The size of particles will infl uence the 
time scale. Large particles experience a higher force than smaller ones, 
and thus gather at the node faster than the small particles. Peterson et al. 
(2007) described a microfl uidic system with three inlets (Fig. 5.1), where a 
sample composed of different sized particles was introduced at the sides 
of a microfl uidic channel with a sheath fl uid in the middle to keep particles 
in close proximity to channel walls. The system is designed such that an 
ultrasonic transducer induces a force on the particles, which forces them 
towards the middle of the channel. Since the larger particles experience a 
higher force than small particles, the large particles immediately gather 
at the centre of the channel. Particles are thus allocated proportional to 
their size. Making use of a fl ow splitter, particles are separated according 
to their size. Applying this technique, Peterson et al. (2007) demonstrated 
separation of a mixture of different sized particles.
Figure 5.1: Acoustophoresis. (a) Particles entering main channel from two side inlets. 
Particles are positioned near channel walls because clean sheath fl uid is introduced at a third 
inlet. The fl ow of particles is controlled by the acoustic waves, which are introduced by an 
ultrasonic transducer. After this point, the particles distribute proportional to size. (b) Flow 
splitters are used for separation of different sized particles. Nine fractions of the fl ow can be 
gathered at fi ve outlets (Adapted from Peterson et al. 2007).
Color image of this figure appears in the color plate section at the end of the book.
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Ion Depletion
Ion depletion is a microfl uidic technique for separation and concentration 
of proteins. As the name indicates, the method is based on ion transfer in 
a nanofl uidic channel (approximately 50 nm in depth). Counter-ions will 
migrate from the Debye layer through the nanochannel to a higher extent 
than co-ions, so that a net transfer of counter-ions is transferred from the 
anodic side to the cathodic side. Thus, the concentration of counter-ions 
decreases on the anodic side and an increase is achieved on the cathodic 
side. If a protein in solution is part of the co-ion population, this protein 
will be trapped in a plug on either side of the ion depletion region, and is 
hence separated from the bulk solution. The principle of ion depletion is 
illustrated on Figs. 5.2 and 5.3 (Wang et al. 2005).
Figure 5.2: Nanofl uidic protein concentrating device by ion depletion: (A) Layout of the 
device. (B) Schematic diagram showing the concentration mechanism. Once proper voltages 
are applied, the trapping region and depletion region will be formed as indicated. The ET 
specifi es the electrical fi eld applied across the ion depletion region, while the En specifi es the 
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Figure 5.3: Mechanism of preconcentration in the nanofi lter device (A) No concentration 
polarization is observed when a small electrical fi eld (En) is applied across the nanofi lter. 
(B) As the En increases, the transport of ions becomes diffusion-limited and generates the 
ion depletion zone. However, the region maintains its electroneutrality. (C) Once a strong 
fi eld (En) is applied, the nanochannel will develop an induced space charge layer, where 
electroneutrality is no longer maintained. (D) By applying an additional fi eld (ET) along 
the microfl uidic channel in the anodic side (from VS to VD), a nonlinear electrokinetic fl ow 
(called electroosmosis of the second kind) is induced, which results in fast accumulation of 
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Passive Separation Techniques
Obstacles
Obstacles arranged in microfl uidic channels are commonly applied for 
preventing particles from entering certain areas or used to manipulate the 
fl ow of fl uid in a microchannel. Deterministic lateral displacement is a 
method for size separation of particles or cells, accomplished by placing 
posts asymmetrically in a microchannel (Fig. 5.4) and thus forcing particles 
of different sizes to follow different fl ow paths.
Figure 5.4: Deterministic lateral displacement (Adapted from Gossett et al. 2010).
Spiral Microchannels
Separation of particles in a spiral microchannel was described by 
Kuntaegowdanahalli and colleagues (2009) (see Fig. 5.5).
It is a passive separation technique based on the centrifugal force. 
Centrifugal based techniques have been demonstrated using fl ows in 
curvilinear microchannels (Gregoratto et al. 2007, Seo et al. 2007). In 
general, the fl ow of fl uid through a curvilinear channel experiences a 
centrifugal acceleration, directed radially outward. The channel geometry 
gives rise to vortices, which are exploited for separation of different sized 
particles. Particles in the centre of the channel will experience a drag away 
from the centre, whereas particles in the proximity of the channel walls 
experience repulsion from the walls. Consequently, particles align at four 
equilibrium positions in the channel and different sized particles can thus 
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ELECTRICAL DETECTION METHODS
Modern biosensors for medical diagnostics must be specifi c, quick, 
and reproducible at reasonable cost. Electrical sensing is one of the 
simplest detection methods in microsystems. The electrical detection 
has traditionally received the major share of the attention in biosensor 
development. Such devices produce a simple, inexpensive and yet accurate 
and sensitive platform for patient diagnosis. 
The name ‘electrochemical biosensor’ is applied to a molecular 
sensing device which intimately couples a biological recognition element 
to an electrode transducer. The purpose of the transducer is to convert the 
biological recognition event into a useful electrical signal at the electrode-
solution interfaces. 
Microelectrodes are powerful and versatile tools in the study of 
electrochemical processes of mechanistic and/or analytical interest. They 
experience high mass transport rates but little interference from interfacial 
capacitance or solution resistance effects. These advantageous properties 
are due to the small size of these devices. Microelectrodes can work 
with very small sample volumes enabling the detection of very small 
amounts of material. The improved mass transport properties facilitate 
the measurement of higher exchange current densities and electron 
transfer rate constants and also allow the study of fast coupled chemical 
reactions.
Electrochemical systems are extremely sensitive to the processes 
that take place on the surfaces of the electrodes, and in this sense the 
electrodes are direct transducers in biomedical applications. Several types 
Figure 5.5: Spiral microchannel. (a) Neutral buoyant particles suspended in a medium in a 
spiral shaped channel experience forces and drag. Resultantly, particles redistribute within 
the microchannel. (b) Schematic representation of spiral channel for particle separation. (c) 
Different sized particles equilibrate at different positions in microchannel, and are collected 
at different outlets (Adapted from Kuntaegowdanahalli et al. 2009 and Bhagat et al. 2008).
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of electrochemical methods are used in biosensors; the two most common 
ones are the amperometry and impedance spectroscopy (EIS) (Lazcka et 
al. 2007). Recently, all-polymer fi eld effect transistors for biosensing have 
been introduced (Lee et al. 2010).
Amperometry
Amperometry is a method of electrochemical analysis in which the signal 
of interest is a current that is linearly dependent upon the concentration 
of the analyte. As certain chemical species are oxidized or reduced (redox 
reactions) at the electrodes, electrons are transferred from the analyte to 
the working electrode or to the analyte from the electrode. The direction 
of fl ow of electrons depends upon the properties of the analyte and can be 
controlled by the electric potential applied to the working electrode.
Amperometric biosensors operate by applying a constant potential 
and monitoring the current associated with the reduction or oxidation 
of an electroactive species involved in the recognition process. The 
amperometric biosensor is attractive because of its high sensitivity and 
wide linear range.
Conductivity and Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) combines analyses of 
both the resistive and capacitive properties of materials, based on the 
perturbation of the system by a small-amplitude sinusoidal AC signal. 
The impedance of the system can be scanned over a wide range of AC 
signal frequencies. The amplitude of the current, potential signals and 
the resulting phase difference between voltage and current dictates the 
system impedance. Therefore, the impedance signal is dependent on the 
nature of the system under study.
Equivalent circuit models fi tted to the impedance curves are useful 
tools for characterizing the system. Although this methodology is widely 
accepted because of ease of use, extreme care must be taken to ensure that 
the equivalent circuit obtained makes physical sense. An advantage of EIS 
compared to amperometry is that redox labels are no longer necessary, 
which simplifi es the sensor preparation.
Organic Field Effect Transistors
Organic fi eld effect transistors (Organic FETs) have a potential of being 
the active matrix for many electronic devices, including biosensors for 
biological material. An organic fi eld-effect transistor consists of a source 
and drain electrode, an organic semiconductor (which is in this case a 
conductive polymer), a gate dielectric, and a gate electrode. A number 
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of different studies have demonstrated conductance-based sensors 
employing a molecular receptor layer immobilized on the surface of a 
semiconductor device. The receptor molecules provide the means to 
achieve highly selective sensing because they can be engineered to have 
much higher binding affi nities with the desired target molecules than the 
other species in the analyte solution (see Section 4). Although the organic 
FET is a promising candidate for biosensor applications, optimization of 
the device structure and operating conditions is still required.
CONDUCTIVE POLYMERS FOR SENSING
A major cost factor in electrochemical biosensors is the electrode material—
often noble metal—demanding extensive production steps in cleanroom 
facilities. To cut down on these expenses there is a trend to utilize conductive 
polymers for sensing. This section will give an introduction to advantages 
of conductive polymers compared to noble metals, and guide through the 
considerations associated with selecting an appropriate polymer material 
for biosensor applications. 
Polymers or Metals?
The application of polymers as supporting materials in microfl uidic 
systems is well established; however the electronic sensing units in most 
chips are fabricated from metallic conductors such as platinum or gold.
Biocompatibility, high sensitivity and specifi city are a demand 
in modern medical biosensors. Biocompatibility is required because 
some biological applications involve living cells, bacteria or virus. High 
specifi city and sensitivity is essential for detecting highly diluted analytes 
in biological samples, because the samples contain a cocktail of similar 
components, which can infl uence a measurement. All of these requirements 
can be fulfi lled by the metal electrode materials such as solid platinum or 
gold (Prodromidis and Karayannis 2002). Though, a major disadvantage 
of the noble metals is the high cost, which is continuously increasing.
Conjugated polymers are an alternative to the traditional electrode 
materials. The electronic structure of these compounds gives them 
properties similar to inorganic semiconductors. In 1977, Shirakawa et 
al. discovered that doping polyacetylene with halogens increased the 
conductivity by up to four orders of magnitude. The following research 
on this topic by Shirakawa, MacDiarmid and Heeger was awarded with 
the Nobel Prize in chemistry in 2000.
Over the years, electronically conductive polymers have been 
proposed for many applications (Jagur-Grodzinski 2002, Olson et al. 
2010)—from biomedical sensors to nanowire integration in photovoltaic 
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cells or printable RFID antennae—yet only few have made it to the 
market. Among those are electrochromic coatings for windows, antistatic 
coatings, organic light emitting diodes (OLEDs), and corrosion protection 
for metals or surface fi nish for printed circuit boards (Groenendaal et al. 
2000, Gustafsson et al. 1994, Wessling 2001).
The immediate advantage of conductive polymer electrodes is the 
much lower cost of raw materials and the inexpensive production steps. 
Certain polymers offer high biocompatibility and options for modifying 
the properties by varying side groups. This can be useful for probe 
immobilization, which is a crucial procedure in biosensors. Conductive 
polymers allow a broad range of chemical modifi cations for covalent 
attachment of enzymes, antibodies, DNA or other bioprobes (Sarma et al. 
2009, Teles and Fonseca 2008).
In summary, replacing metals with polymers as electrode material 
does not only limit the cost on the materials themselves, but also allows 
for the inexpensive mass production by modern ink-jet printing methods 
(Loffredo et al. 2009, Mabrook et al. 2006) or agarose stamping (Hansen et 
al. 2007).
Polymer Selection
As mentioned in Section 3.1, biocompatibility is a very important factor in 
selecting an appropriate polymer. Biocompatibility is mainly infl uenced 
by the intrinsic toxicity of a material but also by hydrophilicity. Many 
conjugated polymers suffer from degradation because of irreversible 
oxidation processes, or they lose their conductive properties over time. A 
constant and reliable signal is crucial for sensor devices, and accordingly 
the polymer should be stable over a certain period of time.
In order to provide a good signal to noise ratio in electrochemical 
measurements, a low ohmic resistance (i.e., high conductivity) is preferred. 
Currently, these requirements are met by few polymers on the market.
Polypyrrole
The physical properties of polypyrrole (PPy, Fig. 5.6(a)) make it suitable 
for biosensor applications. PPy has high decomposition temperature 
(180–237°C), glass transition temperature (Tg, 160–170°C), and relatively 
high conductivity of up to 3 S·cm−1 (Biswas and Roy 1994). Besides, PPy 
has a good environmental stability and different facile processing methods 
(Wang et al. 2001).
In 2005, Dubois et al. developed a PPy based biosensor for label-free 
detection of peanut agglutinin. The lactosyl probe unit was immobilized 
on a biotinylated PPy fi lm via avidin bridges. Their fi ndings demonstrated 
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that the bioprobe could be immobilized directly on the functionalized 
electrode surface, facilitating label-free detection by electrochemical 
methods.
There are different strategies to functionalize the electrode surface, 
and another approach was described by Campbell et al. (1999). They 
incorporated human erythrocytes into the PPy matrix, and upon capture 
and binding of Anti-Rhesus (D) antibody, a resistance change could be 
detected. Other techniques will be discussed in Section 4.




Improved properties compared to PPy were found for poly(3,4-
ethylenedioxythiophene) or PEDOT. It is either chemically or 
electrically polymerized from the commercially available monomer 
3,4-ethylenedioxythiophene. As can be seen in Fig. 5.6(b), it has some 
structural similarities with PPy. PEDOT has exceptional high conductivity 
(up to 600 S·cm−1), high environmental stability and is biocompatible 
and transparent for visible light. The most common dopants used for 
PEDOT are poly(styrene sulphonate) (PSS) and tosylate. Several new 
methods have been also used to enhance the sensitivity, applicability 
and/or specifi city of these sensors based on PEDOT, for example the 
incorporation of nanoparticles into the polymer matrix, ink jet printing/
patterning of the conducting polymers, molecular imprinting for specifi c 
detection, the creation of organic transistors from conducting polymers to 
improve sensor sensitivity, or the embedding of cells into the conducting 
polymer matrix for direct stimulation (Rozlosnik 2009).
The works by Balamurugan and Chen (2007) and Vasantha and Chen 
(2006) show the high potential and superior qualities of PEDOT, and this 
conductive polymer has been employed in a number of biosensor micro 
devices.
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An interesting study was presented by Kumar et al. (2006). A 
biosensor was developed to determine the concentration of the important 
mammalian neurotransmitter, dopamine via an electrochemical process. 
Since the concentration of ascorbic acid is around a thousand times 
higher than dopamine in a biological sample, and the two analytes have 
similar electrochemical potentials, the challenge was to measure the 
concentration of dopamine in the presence of ascorbic acid. Kumar et al. 
(2006) employed glassy carbon electrodes coated with PEDOT, and their 
fi ndings demonstrated signifi cant peak separation and improved anti-
fouling properties compared to the more common electrode material 
glassy carbon, making PEDOT a good candidate for further applications 
in this fi eld.
Glucose detection for blood sugar monitoring of diabetes patients is 
a huge and growing market for disposable biosensors. The established 
commercial systems make use of metal electrodes (typically Pt) coated with 
a gel containing the enzyme glucose oxidase, and the effectively measured 
agent is thus the oxidation product, hydrogen peroxide (H2O2). In contrast 
to the direct oxidation of dopamine on the electrodes in the example above, 
this indirect detection of glucose is more complicated. Considering the 
current market price of platinum of about 41 €/g (http://platinumprice.
org), replacing the electrode material with a low cost polymer such as 
PEDOT seems sensible. Park et al. (2008) imprisoned glucose oxidase in 
hollow PEDOT micro-tubules on an indium-tin-oxide (ITO) glass surface 
(Fig. 5.7). In this confi guration, the enzymes are surrounded by the 
electrode, and therefore their activity is not constrained by immobilization 
on a surface or incorporation into a polymer. Although the performance of 
this biosensor cannot meet the requirements of a classic system, it can be 
refi ned by increasing the enzyme density or improving the conductivity.
Figure 5.7: Glucose oxidase is imprisoned inside a PEDOT microtube covered with a non-
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Many biosensors for pathogen detection are based on antibodies 
as probes, and deliver an indirect signal. These immunosensors require 
a fl uorescently tagged second antibody, which reacts with occupied 
immobilized antibodies in a so-called sandwich assay.
A different approach was tested by Kim et al. (2010), who worked on 
the development of a point of care system for prostate specifi c antigen/
α1-antichymotropsin (PSA-ACT) complex detection. This cancer marker is 
associated with prostate tumours and important for preoperative diagnosis 
and screening. Instead of using the conventional optical methods, they 
constructed an organic electrochemical transistor (OECT) based on PEDOT. 
The antigen was captured by immobilized antibodies on the conductive 
polymer. For signal enhancement, a secondary antibody with a covalently 
tethered gold nanoparticle was used. The system provided a detection 
limit as low as 1 pg·mL–1 and is thus sensitive enough for reliable PSA-
ACT analysis.
PEDOT Derivatives
A fi eld effect transistor (FET) based biosensor was demonstrated by Xie et 
al. (2009). The working principle is fundamentally different, considering 
it uses conductive polymer nanowires, which were electropolymerized 
between two gold electrodes. For minimizing the distance between 
polymer and binding event it was necessary to couple the probe (an 
aptamer, see also Section 4.3) directly to the electrode material. Normal 
PEDOT offers no possibility for covalent bonding of other molecules, 
so a derivative bearing a carboxylic acid group was used. With this 
functional group the oligonucleotide for thrombin detection was attached 
with a simple 1-ethyl-3-(3-dimethylaminopropyl)car-bodiimide/N-
hydroxysuccinimide procedure (see Section 4.3, (EDC/NHS)). Thrombin 
binds specifi cally to the aptamers and becomes immobilized on the surface. 
The positively charged protein infl uences the transistor, so that the current 
fl ow changes. This type of biosensor has a broad dynamic range covering 
the physiologically interesting thrombin concentration range from a few 
to several hundred nanomoles.
Other PEDOT derivatives have also been investigated (Akoudad and 
Roncali 2000, Ali et al. 2007, Daugaard et al. 2008). The structural formulas 
of the most commonly used monomers are shown in Fig. 5.8; PEDOT-
OH is more hydrophilic than normal PEDOT, and the azide modifi ed 
PEDOT-N3 polymerizes slowly and has decreased conductivity. The only 
commercially available monomer is (2,3-dihydrothieno[3,4-b][1,4]dioxin-
2-yl)methanol (commonly known as hydroxymethyl-EDOT or EDOT-OH) 
(8(a)), and it can be used as a basis for further modifi cations.
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Immobilization Methods
There are different techniques for immobilization of biomolecules (e.g., 
DNA) on an electrode surface. The most popular methods are formation 
of a biotin-streptavidin complex, formation of different covalent bonds 
like esters or amides, or click chemistry.
Biotin-Streptavidin Complex
Streptavidin is a protein consisting of four identical subunits, each of 
which has an extremely high affi nity for biotin. A biotinylated surface 
can be coated with streptavidin so it offers reactive sites for fi xation of 
likewise biotin tagged (bio)molecules. The biotin-streptavidin interaction 
is one of the strongest non-covalent bonds in nature and it is very specifi c. 
Moreover, the system is easy to handle and very biocompatible.
Despite the many advantages of streptavidin, a major drawback is 
the instability at low or high pH values, and high temperature. For some 
detection methods the rather thick protein layer between electrode and 
probe can substantially decrease the sensitivity of the sensor.
Covalent Bonding
Different activation methods have been used for a long time in chemistry, 
which require the availability of certain functional groups on the 
surface. The activation of a carboxylic acid group with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide 
(NHS) is often applied for amide-bond formation under mild conditions 
and can be used for binding molecules bearing free amino groups 
(Balamurugan et al. 2008, Xie et al. 2009).
For hydroxyl functionalized polymers and target molecules, a 
technique from DNA synthesis can be employed. The alcohol groups 
are activated with phosphoramidites to form a phosphoester, which 




(a) EDOT-OH (b) EDOT-COOH (c) EDOT-N3
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then reacts with another hydroxyl moiety and links the target molecules 
covalently to the surface (Pirrung 2002).
Click Chemistry
A very elegant approach for probe immobilization is the usage of so called 
‘click-chemistry’. In the Cu-catalysed Huisgen-type 1,3-cycloaddition 
suggested by Daugaard et al. (2008) an azide reacts in high yield with an 
alkyne to form a fi ve-membered heterocycle. This bond is very stable and 
also the precursors have advantages such as stability toward hydrolysis 
and dimerization or ease of introduction (Kolb et al. 2001). 
However, the azide functionalization of PEDOT downgraded its 
conductive properties signifi cantly and the remaining Cu catalyst could 
infl uence biological systems. 
ELECTRODE FUNCTIONALIZATION
Functionalization of electrodes is essential for achieving high sensitivity 
and specifi city of electrochemical biosensors. This section provides an 
overview of the current trend in electrochemical sensors for medical 
diagnostics.
Recognition of Pathogens
Point of care diagnostic devices present a viable option for rapid and 
sensitive detection and analysis of pathogens. Biosensors can play an 
important role in the early diagnosis of acute viral disease and confi ne the 
spread of virulent disease outbreaks. Biosensors can also play an important 
role in early detection and diagnosis of cancer and autoimmune disorders 
based on specifi c biochemical markers.
As discussed in Section 2, separation and isolation of large quantities 
of a specifi c analyte would be preferable for many medical applications.
Patient samples comprise of a heterogeneous population of particles 
and cells, hence challenging the isolation of a single species in a high 
background concentration. For this reason, biosensors must be very 
specifi c and sensitive, allowing precise detection of very small quantities.
Antibodies
Many techniques for preparing functional biological surfaces for studies 
of cells, viruses or disease markers have been described in the literature. 
Refer to Section 4.3 for an overview of different coupling methods.
112 Nanomedicine in Diagnostics
Immunoglobulins (IgG) are large Y-shaped proteins produced by the 
immune system, and are most abundant in blood plasma. Two identical 
antigen binding sites are formed from several loops of the polypeptide 
chain. These loops allow many chemical groups to close in on a ligand and 
link to it with many weak (non-covalent) reversible bonds. An antibody-
antigen bond is highly specifi c because of the molecular structure of the 
protein.
Antibodies are the most common recognition molecules in biosensors. 
It is a naturally occurring protein and can only be produced in a host 
against immunogenic substances, giving rise to batch variation and a 
limited target range. For research purposes, monoclonal or polyclonal 
antibodies can be applied as a recognition molecule. Typically, monoclonal 
antibodies will ensure a higher specifi city than polyclonal antibodies. 
In medical sensor applications, functional orientation of the antibodies 
on the surface is crucial to ensure high sensitivity and specifi city. It can 
be achieved by immobilizing the proteins on a supporting layer of 
protein A.
Aptamers
For many years, antibodies have been applied for surface functionalization 
in biosensors, ensuring specifi city and sensitivity of sensors. Artifi cial 
nucleic acid ligands—known as aptamers—can cover the same fi eld of 
application as antibodies. In the recent years, the use of aptamers has 
increased (Han et al. 2010, Syed and Pervaiz 2010), and they are in many 
ways superior to antibodies, as will be discussed in this section.
The Properties of Aptamers
Aptamers are oligonucleotides with a typical length of 40 to 80 base 
pairs, and were discovered in the 1980’s as naturally occurring regulation 
elements in prokaryotic cells. They showed high affi nity for viral and 
cellular proteins.
In 1990, Tuerk and Gold developed a convenient process for in vitro 
aptamer production, the so-called systematic evolution of ligands by 
exponential enrichment (SELEX, see in Section 5.3.2).
Aptamers are in many ways better than antibodies as is summarized 
in Table 5.2. The affi nity for the target molecules of aptamers is similar to 
antibodies, and in some cases even higher compared to antibodies. The 
specifi city is also higher for aptamers, as they can distinguish between 
targets of the same family, like it was shown for the molecules caffeine and 
theophylline (Zimmermann et al. 2000). Selection and production of the 
nucleic acid ligands can be done in vitro, and once the correct sequence has 
been determined, the oligonucleotide can be synthesized in an automated 
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Table 5.2: Differences between aptamers and antibodies. Advantages are emphasized (Lee 
et al. 2008).
Aptamers Antibodies
Affi nity Low nM—pM Low nM – pM
Specifi city High High
Production In vitro chemical process In vivo biological process
Target range Wide: ions—whole cells Narrow: immunogenic compounds
Batch to batch 
variation
Little or no Signifi cant
Chemical 
modifi cation




Shelf life Unlimited Limited
chemical procedure. The range for possible target molecules is very wide 
and—in comparison with the mentioned biomolecules—comprises all 
kinds of smaller ions, organic compounds and even whole cells. Contrary 
to antibodies, aptamers can be selected against toxic compounds.
Due to the chemical synthesis, there is no signifi cant batch variation 
and it allows for easy chemical modifi cation, like attachment of certain 
end groups for surface immobilization.
Reversible thermal denaturation makes aptamers potentially recyclable 
and their very high stability promises a long shelf life (Lee et al. 2008).
The SELEX Process
Aptamer production is accomplished in the SELEX (Systematic Evolution 
of Ligands by Exponential Enrichment) process (see Fig. 5.9). A pool of 
single stranded oligonucleotides with a random section of about 25 to 70 
base pairs (the library) is incubated with the target molecule. Some nucleic 
acid strands will interact with the target molecule and form strong non-
covalent bonds. Target-DNA-complexes are partitioned from unbound 
DNA. After dissolution of the complex, the selected oligonucleotides are 
amplifi ed in a standard PCR process. DNA strands are separated and 
the whole procedure is repeated up to 20 times in order to select the best 
fi tting sequences.
If RNA is used, a transcription step must be inserted before and after 
PCR. In order to increase specifi city for the target molecule and exclude 
unspecifi c binding, counter selection steps can be employed. In those 
selection rounds no target is used and DNA strands with affi nity to the 
support and container material are removed from the pool.
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Biosensor Applications
In order to eliminate systematic problems with sandwich assays, the 
development of label free biosensors is an interesting topic. Xiao et 
al. (2005) modifi ed a thrombin specifi c aptamer with a thiol group for 
immobilization on a gold surface. The strand was partially hybridized 
with a not fully complementary strand bearing a methylene blue 
(MB) tag. 
In the presence of thrombin, the strands separated and the MB redox 
tag was approximated to the Au surface Fig. 5.10(a). 
Similar signal-on detectors were developed by Baker et al. (2006) and 
Lai et al. (2006). The single stranded aptamer had the ability to hybridize 
with itself and form three loops upon target binding (see Fig. 5.10(b)). 
The conformational change brings the MB tag in proximity to the gold 
surface and allows for an electrical measurement. Both systems could be 
regenerated to a high degree, and thus are potentially reusable. Baker’s 
system could detect cocaine concentrations as low as 500 µM in biological 
fl uids even in the presence of contaminants.
So et al. (2005) attached thrombin binding aptamer to a single walled 
carbon nanotube (SWNT) which connected two electrodes.
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Binding the charged protein induced an electrostatic gate potential 
and changed the source-drain current. The fi eld effect transistor (FET) 
biosensor was able to detect thrombin in a concentration range of 10–100 
nM.
OUTLOOK
In recent years, a fascinating development in the application of conductive 
polymers in medical diagnostics occurred. Elegant research on new 
sensing concepts has opened the door to a wide variety of microsystem 
based biosensors for clinical applications. Such devices are extremely 
useful for delivering diagnostic information in a fast, simple, and low 
cost fashion, and are thus uniquely qualifi ed for meeting the demands 
of point of care systems, e.g., for cancer screening. The high sensitivity of 
the modern biosensors should facilitate early detection and treatment of 
diseases, and lead to increased patient survival rates.
In the future, one of the main challenges is to bring the new biosensor 
techniques to the bedside for use by non-laboratory personnel without 
compromising accuracy and reliability. The internal calibration and 
reference is also a major requirement, and provokes researchers to 
reshape the existing methods. From a clinical point of view, the in vivo 
biosensors that are biocompatible and can remain in the body for weeks 
or months will also be a demand. Special attention should be given to 
non-specifi c adsorption issues that commonly control the detection limits 
of electrochemical bioaffi nity assays. The stability of biosensors remains 
an important issue in the fabrication and use of these devices for many 
application areas.
Figure 5.10: Aptamers with a methylene blue redox tag for thrombin (a) and cocaine detection 
(b). The binding event induces a conformational change in the aptamer and brings the redox 
active tag closer to the gold surface Baker et al. (2006); Lai et al. (2006). An analogue sensor 
was described earlier in Section 3.2. Xie et al. (2009) used carboxylic acid modifi ed PEDOT 
nanowires instead of SWNTs as FET.
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By measuring abnormalities within few minutes, disposable cartridges 
containing electrode strips and simple sample processing could offer early 
and fast screening of diseases in a point of care setting.
It has become apparent that the fi eld of polymer biosensors has reached 
a new level of maturity. In the near future it is highly likely that pathogen 
detection will undoubtedly benefi t from the integration of biosensors into 
all-polymer micro devices, and thus in some regards revolutionize the 
medical diagnostics.
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a b s t r a c t
We present an all-polymer electrochemical microﬂuidic biosensor using Topass as substrate and a
conductive polymer bilayer as electrode material. The conductive bilayer consists of tosylate doped
poly(3,4-ethylenedioxythiophene) (PEDOT:TsO) and the hydroxymethyl derivative PEDOT-OH:TsO,
which was covalently functionalized with two aptamer probes with afﬁnity to ampicillin or kanamycin
A, respectively. Using electrochemical impedance spectroscopy (EIS) we were able to detect ampicillin
in a concentration range from 100 pM to 1 mM and kanamycin A from 10 nM to 1 mM. The obtained EIS
spectra were ﬁtted with an equivalent circuit model successfully explaining the impedance signal. Real
samples from regular ultra-high temperature treated low-fat milk spiked with ampicillin were
successfully tested to assess the functionality of the sensor with real samples. In conclusion, we have
demonstrated the applicability of the newly developed platform for real time, label-free and selective
impedimetric detection of commonly used antibiotics. Additionally it was possible to detect ampicillin in a
milk sample at a concentration below the allowed maximum residue limit (MRL) in the European Union.
& 2013 Elsevier B.V. All rights reserved.
1. Introduction
Detection, identiﬁcation and quantiﬁcation of pathogens
and chemical agents are crucial for water and environmental
analysis, clinical diagnosis, food safety, and biodefence. The
existing immunological or nucleic acid technologies are mostly
time consuming and require both sophisticated equipment as
well as highly trained personnel, hence increasing the analysis
costs. Another limitation of these techniques lies in their nature,
which only allows the detection of certain types of analytes.
Therefore, new assay technologies are continuously emerging,
and among these, the biosensor technology is the area with
fastest growth (Lazcka et al., 2007). Ideally, the assays used in a
detection system should enable the detection and quantiﬁcation
of a broad range of different molecules. Furthermore, the techni-
que should provide reliable, real time, on-site, user-friendly, and
inexpensive detection with adequate sensitivity, speciﬁcity and
reproducibility.
Label-free biosensors for in situ measurements with high
sensitivity and high speciﬁcity are of signiﬁcant interest for the
development of diagnostic devices (Cosnier, 2003; Gerard et al.,
2002; Liao et al., 2006).
1.1. Impedimetric biosensors
Impedance spectroscopy is a powerful method to analyse the
complex electrical resistance of a system and it is sensitive to
surface phenomena and changes of bulk properties. Electroche-
mical detection using electrochemical impedance spectroscopy
(EIS) is advantageous because of its label-free and reagentless
character and high sensitivity, as recently reviewed by Pa¨nke
et al. (2008). Thus impedance detection is particularly suited to
follow binding events in the ﬁeld of biosensors.
The tools that allow for speciﬁc detection (generally referred
to as afﬁnity tools) are highly selective binders of the target.
At present, antibodies of mammals are the best characterised
and most widely used afﬁnity tools, i.e. biological recognition
elements in biosensor platforms. However, antibodies do have
their limitations: they are sensitive to pH changes and can easily
be inactivated (e.g. through elevated temperatures, proteases)
(Binz et al., 2005; Hoogenboom, 2005). Moreover, producing
antibodies is generally difﬁcult and expensive.
1.2. Aptamers as recognition elements
As alternatives to antibodies, aptamers have recently attracted
increasing attention due to their capability to bind a wide range
of targets: nucleic acids, proteins, metal ions and other molecules
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with high afﬁnity and sensitivity (Hong et al., 2012; Song et al.,
2012b).
Aptamers are peptides or oligonucleotides (RNA or single-
stranded DNA; ssDNA) that bind to a speciﬁc target molecule. The
aptamers typically fold into a three-dimensional structure, whose
conformation is changing upon ligand binding. Aptamer-like
structures can also be found in nature: riboswitches in bacteria
and eukaryotes control translation depending on ligand binding
(Winkler et al., 2002).
Novel aptamers can be developed using a process called
systematic evolution of ligands by exponential enrichment
(SELEX) (Ellington and Szostak, 1990; Tuerk and Gold, 1990).
It enables the selection of high-afﬁnity nucleic acid sequences
from a random pool of candidates.
The oligonucleotide aptamers can easily be modiﬁed with
signal moieties and can be produced at low cost. Up to now, a
variety of assays have been successfully developed for aptamer-
based analysis of biomolecules (Centi et al., 2007; Guo et al.,
2008; Wu et al., 2011; Yan et al., 2010).
Efforts have been made to develop aptamer-based biosensors
(aptasensors) for sandwich assays in recent years. Although these
biosensors could detect the target, the detection limits still need
to be improved (Wang et al., 2007; Zuo et al., 2009).
1.3. Detection of antibiotics
The development of novel detection systems for antibiotics is
of particular importance. The emergence of microorganisms
resistant towards important antibiotics occurs at alarmingly high
rates. Infections with multidrug-resistant pathogens have been
reported for a range of potentially lethal bacteria including
Staphylococcus aureus (Klevens et al., 2007) and Mycobacterium
tuberculosis (Centers for Disease Control and Prevention (CDC),
2006), leaving few or no options for treatment. In the European
Union (EU), it is estimated that 25 000 persons die every year
from infections with antibiotic-resistant micro-organisms (White
et al., 2011). Development of novel antibiotics, however, is
attracting little attention from the pharmaceutical industry,
and for gram-negative pathogens there are few or no late stage
clinical trials of new drugs (Septimus and Kuper, 2009). Besides
their use for treating human infections, antibiotics are also
utilised as growth promoters in agri- and aquaculture (Cabello,
2006; Witte, 1998).
Due to their short generation time, bacteria can quickly evolve
resistance towards all known antibiotics if these are present in
sub-lethal concentrations in the environment (Gullberg et al.,
2011). To minimise the development of resistance towards anti-
biotics, it is, therefore, of critical importance to limit both the use
and the release of antibiotics into the environment.
Detection of different antibiotics, however, is challenging due
to the varied chemical structure of the compounds and the lack of
available simple spectroscopic or electrochemical assays.
Recently, aptamers targeting a range of antibiotics, including
tobramycin (Gonza´lez-Ferna´ndez et al., 2011), kanamycin (Song
et al., 2011), ampicillin (Song et al., 2012a) and chloramphenicol
(Mehta et al., 2011) have been developed.
1.4. Design of the aptasensor
Polymer-based microﬂuidic systems meet the requirements of
disposable devices for low sample consumption, cost efﬁciency,
reliability, and fast response time, which make the systems ideal
for rapid analysis. However, most biosensors for electrochemical
detection involve metallic electrodes (Kerman et al., 2004). To
avoid oxidation or participation in electrochemical reactions,
noble metals such as gold or platinum are usually employed.
These materials have a number of disadvantages, such as high
(and still increasing) market prices or comparably low biocom-
patibility. Apart from that they also require very costly fabrication
methods.
Conductive polymers offer very suitable properties to master
the specialized task of transducing a binding event between
an analyte and a biological probe. They have been used as alterna-
tive to traditional electrode materials because of the additional
advantageous properties of inexpensive electrode fabrication and
easy electrode functionalization (Kiilerich-Pedersen et al., 2011;
Rozlosnik, 2009).
Because of their excellent compatibility with biological samples,
polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT)
have repeatedly been used for sensors in biological environments
(Balamurugan and Chen, 2007; Bidan et al., 1999; Dubois et al.,
2005; Kiilerich-Pedersen et al., 2011; Sarma et al., 2009; Vidal
et al., 1999; Xie et al., 2009).
Even though pyrrole is the less expensive monomer compared
to 3,4-ethylenedioxythiophene (EDOT), and PPy shows equally
good air stability, PEDOT was used exclusively in this study for its
superior stability in phosphate buffers and for its higher con-
ductivity (Groenendaal et al., 2000; Syritski et al., 2005; Yamato
et al., 1995).
PEDOT can be processed in different ways. Popular polymer-
ization methods are electropolymerization (Kros et al., 2002; Lima
et al., 1998; Shi et al., 2008; Sotzing et al., 1996; Xie et al., 2009;
Yamato et al., 1995) or chemical oxidation polymerization in
liquid (Aasmundtveit et al., 1999; Hansen et al., 2006, 2007a,
2007b; Winther-Jensen and West, 2006) as well as in vapor phase
(Bhattacharyya and Gleason, 2011; Le et al., 2005; Winther-
Jensen and West, 2004). Chemical oxidation is advantageous
because it does not require a conductive substrate.
Micropatterning of conductive polymers is regularly done
using cleanroom-based photolithographic techniques. However,
although such processes are versatile, they are not well-suited for
fabricating inexpensive biosensor platforms due to their costs. As
an alternative, we have recently developed a simple micropat-
terning procedure, which is based on contacting PEDOT thin ﬁlms
with a micro-structured agarose stamp soaked in a solution of
aqueous hypochlorite and a non-ionic detergent (Hansen et al.,
2007b; Lind et al., 2012). Where contacted, PEDOT is removed and
the underlying substrate exposed. By applying a cyclic-oleﬁn-
copolymer (COC) substrate we were able to fabricate nucleotide-
functionalized PEDOT microelectrodes on a COC background
with a low degree of unspeciﬁc binding of DNA, in a simple and
inexpensive manner. This sensor has been used to speciﬁcally
detect picomolar concentrations of antibiotics.
2. Materials and methods
2.1. Chemicals
All chemicals were purchased from Sigma-Aldrich (Schnell-
dorf, Germany) if not stated otherwise.
2.1.1. Chip material
The substrate and the top part of the microﬂuidic chip
were fabricated from Cyclic Oleﬁn Copolymer (COC) Topass grade
5013 (Tg at 130 1C, TOPAS Advanced Polymers GmbH, Germany).
2.1.2. Electrode material
For the electrodes, the conducting polymer poly(3,4-ethylene-
di-oxy-thio-phene) doped with tosylate (PEDOT:TsO) was used.
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2.1.3. Antibiotics and aptamers
In this study, we used short high-afﬁnity aptamers against
kanamycin A and ampicillin presented by Song et al. (2011,
2012a, 2012b), respectively. The DNA aptamers were synthesized
by Integrated DNA Technologies (Denmark) as high performance
liquid chromatography (HPLC) puriﬁed and lyophilized ssDNA
functionalized with a 50-amino modiﬁed C6 linker. Their sequences
from 50 to 30 are:
Ampicillin GCG GGC GGT TGT ATA GCG G
Kanamycin A TGG GGG TTG AGG CTA AGC CGA
2.2. Chip fabrication
The all-polymer microﬂuidic ﬂow system was fabricated from
Topass polymer using a bilayer composite of PEDOT:TsO and
PEDOT-OH:TsO conducting polymer as electrodes (Fig. 1).
Both the top and the bottom part of the chip were made by
injection moulding using Topass pellets.
2.2.1. Conducting polymer film deposition
Conductive thin ﬁlms of PEDOT:TsO were made by spin coat-
ing the reaction solution containing the monomer and thermal
activation according to the following procedure:
About 260 mL Baytron C (40% Fe(III) tosylate in butanol), 80 mL
butanol, 6 mL pyridine and 8:8 mL EDOT were thoroughly mixed
and spun on a 50.8 mm Topass 5013 disc with 1000 rpm for 60 s.
Coated polymer discs were then heated to 70 1C for 5 min.
The inhibitor pyridine evaporated and the progress of polymer-
ization was observable by a colour change from yellow to green.
After rinsing the discs with de-ionized water to remove excess
reactants and by-products, they obtained the characteristic blue
colour of PEDOT:TsO. A second polymer layer was applied in
the same way using the monomer ((2,3-dihydrothieno[3,4-b][1,4]-
dioxin-2-yl)methanol) also known as hydroxymethyl-EDOT
or EDOT-OH instead of EDOT. This yielded a PEDOT-OH:TsO
coating of the same thickness, where the hydroxymethyl
group of each monomer provides a possible grafting site for later
functionalization.
2.2.2. Microelectrode preparation
Interdigitated microelectrodes were fabricated by agarose
stamping, as described in detail by Hansen et al. (2007b) and
more recently by Lind et al. (2012).
In short, a stamp was prepared by casting a 10% w/w agarose
gel into a mould with a relief of the electrode design etched in
silicon. After solidiﬁcation, the stamp was soaked in the etching
solution and applied manually to the PEDOT:TsO/PEDOT-OH:TsO
bilayer.
For etching a 1–1.5% w/v solution of sodium hypochlorite in
water containing 0.1% v/v of the surfactant TritonX100 was used.
The stamping time depends on the thickness of the conductive
polymer layer or bilayer, respectively. To etch through approxi-
mately 200 nm we needed between 45 and 60 s. After stamping,
over-oxidized PEDOT was removed by washing with water.
The conducting polymer layers were re-doped by immersion in
4% w/v Fe(III) tosylate solution for a few seconds. During this
process, the colour of the polymer changed from dark to light
blue indicating the conversion from a reduced state to a more
conductive oxidized state with higher degree of doping. The
stamp design comprised interdigitated electrodes with a width
of 20 mm. The spacing between the single wires was the same as
their width.
2.2.3. Chip assembly
The chip consisted of two parts: the ﬂat Topass disc with the
microelectrodes and an injection molded Topass cover disc with
Luer connectors for simple connection to the electronic equip-
ment and exchange of liquids. Both parts were assembled with a
150 mm thick sheet of transfer adhesive (ARcare 90106, Adhesive
Research Ireland). Cavities were cut into the tape by laser ablation
to create microﬂuidic channels. To ensure homogeneous and tight
sealing around the channels, the assembled discs were pressed
with a force of 500 N at a bonding temperature of 75 1C for 5 min.
Pressure was released after the chip had cooled down to 40 1C.
A schematic drawing of the chip is presented in Fig. 1.
2.2.4. Electrode functionalization
Succinic acid was grafted onto surface hydroxymethyl groups
by ﬁlling the channels with 0.1 M 2-(N-morpholino)ethanesulfo-
nic acid (MES) buffer at pH 4.0 with 50 mM of the coupling
agent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
succinic anhydride for 30 min.
The new surface carboxylic acid groups were activated with
50 mM EDC and 40 mM NHS (N-hydroxy succinimide) in MES
buffer (0.1 M, pH¼4.0) for 5 min. After washing with MES buffer,
the 50-amino modiﬁed aptamer (100 nM in MES) was added to
form a stable amide bond.
After a reaction time of 3 h, the channels were rinsed with
several millilitres of binding buffer (DPBS; Dulbecco’s phosphate
buffered saline, containing 5 mM MgCl2).
To verify the success of the immobilization, the grafting
method was tested with ﬂuorescently labeled DNA. Control
experiments without activation reagents showed that no non-
speciﬁcally adsorbed DNA remained after washing. Fluorescence
micrographs are shown in Fig. S1 in the electronic supplementary
information.
2.3. Electrochemical impedance measurements
Electrochemical impedance spectroscopy (EIS) was conducted
on chips with and without immobilized aptamers. A potentiostat
with integrated frequency generator (Zahner IM6, Zahner Elektrik
GmbH, Germany) was connected to the electrodes by spring-
loaded (Pogo Pin) contacts and the impedance of the system was
measured with wide spectrum sweeps in a frequency range from
100 kHz to 200 mHz (logarithmic scale with 10 points per decade
for frequencies o66 Hz and four points per decade for frequen-
cies 466 Hz). After the baseline was recorded, the target was
Fig. 1. Schematic drawing of the assembled microﬂuidic chip with interdigitated
PEDOT:TsO electrodes. Drawing is not to scale.
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added in increasing concentrations and the change of the impe-
dance signal monitored.
3. Results and discussion
3.1. Film characterization
As has been reported in previous publications, the conductivity
of both PEDOT:TsO and PEDOT-OH:TsO is, compared to other
conjugated polymers, very high. Surface conductivity values of up
to 700 S/cm have been found for PEDOT:TsO (Hansen et al.,
2007b; Winther-Jensen and West, 2006), while for tosylate doped
hydroxymethyl-PEDOT a value of 83 S/cm has been reported
(Hsiao et al., 2010).
Our ﬁndings for PEDOT:TsO were 424757.2 S/cm and for
PEDOT-OH:TsO 81710.7 S/cm. The double layer composite
showed a conductance of 275761.2 S/cm. The conductances of
our polymer ﬁlms are, therefore, within the expected range.
3.2. Micropatterning
After stamping, the actual width of the micro-electrode wires
was determined by optical microscopy. Despite being designed with
a width of 20 mm, the mean width of the wires was measured to be
9:772:2 mm. The large deviation from the original wire size can
be explained by diffusion processes occurring during stamping.
Shortening the exposure time would certainly reduce the effect;
however, then the etching of the desired areas would not be
complete, resulting in residual conductivity between the wires.
Uniform pressure control by automation of the stamping process
would improve the reproducibility signiﬁcantly.
3.3. Impedimetric characterization of the aptasensor
In this study, we show that the above-described all-polymer
biosensor is a sensitive and selective platform for detection of
different antibiotics. We have chosen already published aptamers
against kanamycin A and ampicillin for our experiments (Song
et al., 2011, 2012a).
The immobilization of the aptamers alone provoked an
increase in the impedance, as was expected due to the increased
charge transfer resistance at the electrode/liquid interface.
Binding of the target molecules to the corresponding aptamer
caused a further increase in the impedance measured at frequen-
cies below 1 Hz. A logarithmic correlation of analyte concentra-
tion and impedance response was found for a broad dynamic
range and both analytes. In the following, the individual apta-
sensors will be discussed in more detail.
Analyte concentrations starting from 10 pM were tested with
ampicillin-aptamer. Fig. 2 shows the relative change of absolute
impedance with increasing concentrations. The ﬁrst statistically
signiﬁcant (po0:05) signal was observed at 100 pM. Further
increase of analyte concentration showed a fairly linear depen-
dence in the logarithmic plot.
As described above, the patterning of the chips was subject to
uncertainties, which resulted in variation in the width of the
electrodes in the range of several micrometers.
There was a very good correlation between impedance change
and wire size (see Fig. S2 in the electronic supplementary
information), so that a better reproducibility can be expected
from electrodes fabricated with higher accuracy.
With a dissociation constant kD ¼ 78:8 nM the kanamycin A
aptamer establishes a weaker bond to its target than the ampi-
cillin aptamer (kD ¼ 13:4 nM) (Song et al., 2011, 2012a). It is,
therefore, likely that an aptasensor based on this probe would be
less sensitive. As shown in Fig. 2 our ﬁndings verify this pre-
sumption. Typically a concentration of 10 nM was necessary to
obtain a statistically signiﬁcant increase (po0:05) of the impe-
dance modulus. Lower concentrations, starting from 10 pM,
caused little or no effect on the signal. We believe that the
relatively low limit of detection (LOD) and wide dynamic range
of the biosensor is also due to speciﬁc device properties and not
exclusively related to afﬁnity of the probes used in this study.
In addition, sensors and assays for Ochratoxin A (OTA) have
shown that using the same aptamer in different assays and sensors
can result in over a 1000-fold differences in LOD (Lauridsen and
Veedu, 2012). The lower detection limit found with the ampicillin
aptamer indicates that a high afﬁnity for target compounds will
facilitate higher devise sensitivity.
Control experiments, where the antibiotics were reacted with
the mismatching aptamers, gave no changes in the impedance
signal compared to the baseline. After that, injecting the matching
antibiotics into the biosensor resulted in the expected increase of
impedance. This shows that the immobilization of the aptamers
on the electrodes did not affect the selectivity of the aptamers
towards their targets.
With the described experimental setup (see Section 2.3) we
were able to obtain one full impedance spectrum in 2:35 min.
Fig. 3 shows the impedance data at a single frequency (356 mHz),
which was taken from the full spectra. As can be seen in the
graph, the impedance change occurs within the sampling time,
i.e. within 2:35 min and stabilizes at a new level. We have also
conducted impedance measurements at a single frequency, where
Fig. 2. A typical impedance response for increasing concentrations of ampicillin or
kanamycin, respectively. The empty symbols illustrate the measured baseline
level before the ﬁrst injection. The green circle represents the obtained impedance
change in the case of 500 mol/L ampicillin in milk sample. The error bars show the
average of the signal noise. (For interpretation of the references to color in this
ﬁgure caption, the reader is referred to the web version of this article.)
Fig. 3. Increase of impedance at a frequency of 356 mHz is shown after addition of
the analyte in different concentrations.
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the instrument-determined minimum sampling time was ca. 17 s
(data not shown), but also this higher temporal resolution was
insufﬁcient to determine the reaction rate of the target-aptamer
complex formation. However, this shows that the analysis time is
reasonably short for a number of real-life applications.
EU regulation no. 675/92 (as amendment to regulation no. 2377/
90) lays down a maximum residue limit (MRL) for ampicillin of
4 mg=L in milk, which is equivalent to a concentration of 11.45 nM.
Our experiments shown above proved that we were able to detect
much lower concentrations of ampicillin in buffer solution. In order to
prove the reliability of the sensor detecting analytes in real samples, a
10% solution of ultra-high temperature treated (UHT) low fat milk in
DPBS containing 5mM MgCl2 was prepared and spiked with 500 pM
ampicillin. Impedance spectra were measured as before. In these
experiments, we were able to measure an increase of impedance of
0.5878%. These data are in well accordance with the concentration
dependence reported above. We can, therefore, claim that our sensor
is capable of reproducibly detecting an ampicillin concentration in
milk that is far below the MRL set by the EU.
3.4. Equivalent circuit modeling of the EIS results
An equivalent circuit model ﬁtting the electrical properties of
the sensor is shown in Fig. 4. This model was used to simulate
impedance spectra while changing certain parameters to under-
stand the effects observed in our experiments; it satisfactorily ﬁts
the experimental data over the measured frequency range.
In the model, R1 is the intrinsic resistance of the electrodes. The
parallel resistance (R2) and the constant phase element (CPE1) with
coefﬁcients P1 and n1 represent the electrode–solution interface,
where R2 is the charge transfer resistance and CPE1 the electrical
double layer on the surface. The following Warburg impedance (W1)
indicates the diffusion limited electrochemical processes speciﬁed
by the coefﬁcient Aw1. The impedance spectrum includes a semi-
circle portion at high frequencies corresponding to bulk solution
resistance (R3) and the geometrical capacitance (C1) of the inter-
digitated electrodes. Finally, the capacitance C2 is the limiting
capacitance, which reﬂects the limited solid state diffusion of
charges inside the conducting polymer.
The intrinsic resistance of the electrode (R1), the solution
resistance (R3) and electrode geometrical capacitance (C1) are
not changing during the aptamer-target binding process. The
Warburg coefﬁcient (Aw1) represents the impedance due to the
diffusion of charges to and from the electrode surface. The
temperature and the viscosity of the solution were constant
during the binding process; however, conformational changes
and rearrangements of the surface bound aptamers during com-
plex formation are likely to alter the electrode surface area
available for charge transfer, inﬂuencing Aw1. Modiﬁcations of
the electrode surface can inﬂict changes to the electrolytic double
layer at the electrode/electrolyte interface with its non-ideal
capacitance (reﬂected as the constant phase element CPE1) and
the reaction rate of the transfer of charges between electrode and
electrolyte (expressed as the charge transfer resistance R2). Both
factors are dependent on the change of the ionic concentration
near the electrode surface, which is inﬂuenced by the binding
event of an analyte molecule to an immobilized aptamer. We can,
therefore, assume that both the constant phase element, the
charge transfer resistance and the Warburg element will be the
most interesting parameters for investigations of target binding
to surface-bound probes. The surface coverage with aptamers
could have an inﬂuence on the sensitivity of such a device as
described here, but the size of the antibiotics is much less that
than the aptamers, therefore, it is not likely that steric hindrance
would affect the results.
Impedance spectra recorded at different stages of the experi-
ment were ﬁtted with the ‘‘EIS Spectrum Analyser’’ software.1
An example of the ﬁtted curves is shown together with two
measured spectra represented as a Nyquist plot in Fig. 5. The
curve was calculated from parameters which were ﬁtted to the
impedance data obtained from the kanamycin aptasensor after
the analyte was added. The result indicates a good agreement
with the measured data, especially in the lower frequency range.
A comparison of parameters obtained from ﬁtting the model to
the data recorded before analyte addition and after injection of
kanamycin A at a concentration of 1 mM is made in Table 1.
As expected, only slight changes were observed for the capacitances
C1 and C2 as well as the material or solution related resistances R1
and R3. Elements describing the electrode/liquid interface experi-
enced a larger change. The strongest deviation from the original
value was found for the Warburg coefﬁcient Aw1.
4. Conclusion
We have successfully developed the ﬁrst prototype of an all-
polymer electrochemical biosensor using Topass as microﬂuidic
Fig. 4. Equivalent circuit model for ﬁtting the experimental spectra (see descrip-
tion in the text).
Fig. 5. Nyquist plots from impedance spectra before (’) and after (m) addition of
kanamycin A. In the low frequency region (right side) of the spectra a clear shift
towards higher resistance is visible. The solid red line represents a simulated
spectrum based on the ﬁtting parameters from Table 1. The curve is calculated
from the values after analyte addition. (For interpretation of the references to
color in this ﬁgure caption, the reader is referred to the web version of this article.)
Table 1
Comparison of parameters corresponding to elements in the equivalent circuit
model ﬁtted to the spectra shown in Fig. 5.
Parameter Aptamer only (error/%) Kanamycin (error/%) Unit
C1 1.591010 (2.8) 1.581010 (2.3) F
C2 4.11106 (2.3) 4.06106 (3.0) F
R1 3.34102 (41.3) 3.07102 (46.7) O
R2 2.51104 (7.8) 2.41104 (9.3) O
R3 2.06104 (0.8) 2.16104 (0.8) O




P1 5.75106 (6.2) 6.80106 (6.9) 1=O
n1 0.58 (1.9) 0.57 (2.2) –
1 A.S. Bondarenko and G.A. Ragoisha, http://www.abc.chemistry.bsu.by/vi/
analyser/.
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system and a bilayer of tosylate doped poly(3,4-ethylenediox-
ythiophene) (PEDOT:TsO) and its hydroxymethyl derivative
PEDOT-OH:TsO as electrode material covalently functionalized
with aptamers. The newly developed inexpensive biosensor has
high sensitivity and selectivity for the tested targets, which makes
it a promising platform for detection of analytes from complex
samples by a fast, label-free and reliable method. The device was
tested with real samples from milk, where it was possible to
detect ampicillin in concentrations below the MRL deﬁned in EU
regulation no. 675/92.
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Comparative study on aptamers as recognition elements
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Figure S1: Control experiments for the immobilisation of DNA on a PEDOT-OH film are
shown. The boxed letters in the upper left corner of each image list the treatments to
which the surfaces were subjected to. The markings read as follows: A activated with
EDC and NHS, P immobilised probe strand, and C hybridised with complementary DNA
(cDNA). An empty square means that the respective treatment was left out. As can be
seen in the figure only the surface with all three treatments, i. e. activation with the
coupling agents, immobilisation of the DNA probe and hybridisation with cDNA, showed
significant fluorescence, while the others show nothing or traces. The weak signal on some
of the surfaces where no fluorescence was expected can probably be attributed to spilled
DNA from neighbouring spots on the chip.
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Figure S2: Correlation of impedance response and wire width based on measurements
performed on three different chips using 1 µM ampicillin and electrodes functionalized
with the anti-ampicillin aptamer.
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Hybridisation is a powerful tool for fast and uncomplicated oligonucleotide sequencing. 
Different ssDNA strands of known sequence are immobilised spatially separated onto a 
surface and incubated with the unknown sample. Successful hybridisation can be detected 
and  thus  the  sequence  of  DNA  samples  can  be  revealed.  For  example,  in  clinical 
screenings of cervical cancer, the genotype of HP virus is commonly determined by such 
arrays.
Most hybridisation chips work with optical detection methods using fluorescent dyes. In 
our project we aim to establish an electrochemical sensing unit, which would save costs 
for  optical  systems  and  thus  allow  for  usage  as  point-of-care  device.  Employing 
conductive  polymers,  we  designed  an  all-polymer  device  for  the  electrochemical 
detection of DNA hybridisation.
The  usage  of  conductive  polymers  as  electrode  material  is  beneficial  because  of  its 
outstanding  biocompatibility  and  transparency.  In  our  system,  the  highly  conductive 
poly(3,4-ethylenedioxythiophene) (PEDOT) based, micropatterned electrodes were used. 
The low price and ease of handling of this material provide a possibility for fabrication of 
disposable chips at a large scale. 
 We succeeded  in  immobilising  oligonucleotides  on  the  surface  electrodes  via  direct 
covalent bonding.
The  hybridisation  of  complementary  oligonucleotide  strands  employing  fluorescent 
markers with a biotin/streptavidin system was successful and proved to be very specific 
(see figure 1).
Further development aims a fast and sensitive electrochemical detection of hybridisation 
via electrochemical  measurements  of the redox-behaviour of the intercalate  methylene 
blue. 
Figure 1: Immobilised DNA 
probes on PEDOT made visible 
by fluorescent beads.
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Application of aptamers for label-free all-polymer biosensors 
Johannes Daprà and Noemi Rozlosnik
Department of Micro-and Nanotechnology, Technical University of Denmark, Denmark
Aptamers, which are artificial oligonucleic acids, having high affinity, specificity and selectivity to specific target molecules, are getting more and more attention in biosensors, as they are more robust molecules with long-term thermal stability 
compared to antibodies or enzymes. The coupling of electrochemical devices with these nanoscale materials offers a unique 
capability for label-free transduction realizing the easy-to-stock, easy-to-use applications. However, the technique requires 
the immobilization of reagents - namely the aptamers - directly to the surface of the electrodes allowing an intimate physical 
contact between the receptor and the transducer, which ensures an optimum signal transfer. Our research group has successfully 
developed an all-polymer electrochemical biosensor employing a conductive polymer as electrodes. In this paper we report a 
new transducer material for impedimetric sensing: aptamers, which are conjugated to a chemically modified conductive polymer 
(poly (3,4-ethylenedioxythiophene), PEDOT. In this paper the detection of antibiotics will be shown as an example.  Antibiotics 
are heavily used in food industry and in aquaculture, and a selective and sensitive, field based detection system is essential  for 
diagnostics of their harmful effect.
 Johannes Daprà et al., J Biosens Bioelectron, 2:4
http://dx.doi.org/10.4172/2155-6210.S1.13
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Application of Label-free Aptasensors in Environmental Monitoring*
Johannes Dapra`1 and Noemi Rozlosnik2
Fig. 1. Channel
Abstract—Anthropogenic pollutants are a growing . . . I
should write about this much of text in this section, so that
it makes sense. More would not be necessary.
I. INTRODUCTION
It has long been known that extensive use of antibiotics
causes evolutionary selection of resistant bacteria. Since
antibiotics are not only used for human and veterinary health
treatment but to the greatest extent for prophylaxis and
growth promotion in animal husbandry, enormous amounts
are constantly released into the environment[1], [2].
While the general belief in the past was that selection
towards resistant mutants only occurs at sufficiently high
concentrations of the antimicrobial (i.e. between the minimal
inhibitory concentrations of the wild type and the resistant
mutant)[3], it has recently been shown that the both enrich-
ment of resistant mutants and de novo development occurs
at concentrations far below those levels[4], [5].
Anthropogenic pollution of soil and aqueous environment
II. METHODOLOGY
The chip system is an all-polymer microfluidic device
consisting of a channel system with herringbone structures
for enhanced mixing and an electronic detection layer. This
micro-fabricated electrode system is made of the conduc-
tive polymer 3,4-ethylenedioxythiophene (PEDOT) which
was patterned with a novel wet-chemical etching method.
Aptamer-probes were applied by ink-jet spotting (???) and
UV-immobilised. This method allowed the directed coverage
of electrodes with probes and at the same time the blocking
of the remaining surface to get a defined surface-coverage.
The biosensor is characterised extensively by cyclic
volatammetry and impedance spectroscopy. Analyte detec-
tion is performed label-free with electrochemical impedance
spectroscopy (EIS).
*This work was sponsored by DTU Nanotech
1J. Dapra` is with DTU Nanotech, Department for Micro- and Nanotech-
nology, Technical University of Denmark, 2840 Kgs. Lyngby, Denmark
jdap@nanotech.dtu.dk
III. RESULTS
I describe our model system which has been used for de-
tection of multiple compounds, first of all the two antibiotics
ampicillin and kanamycin. LOD values can be shown and
explanations for the signal change will be given.
The only medical diagnostic related results I have are from
the morbilli experiments, and they are not really great so
far, but on the other hand I could use the aptamer/antibiotics
results as some sort of proof-of-concept.
IV. CONCLUSIONS
Here I’ll summarise the observed outcome of our experi-
ments and tell that this device is a good prototype for proof
of concept. Further development into a multi-target array will
make sense, and we’re at it.
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